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6onditions. Subjects gave a subjective workload rating (SWAT) after each exposure.
Noise ,stress significantly increased subjective mental workload (SWAT scores) as well

as mean arterial blood pressures and reduced subjects' reaction times to targets, but had no
significant effect on primary tracking error scores, percent hits on the secondary task, or
any of the other physiological measures. Acceleration stress significantly increased SWAT
scores, primary tracking error scores, heart rate and total eye blinks as well as the stan-
dard deviation of the. forearm EKG.

The standard deviation of the EKG measured from the tracking forearm muscle of the
subjects correlated significantly with most of the workload variables. P300 latencies and
amplitudes increased with increasing task difficulty but were unaffected by acceleration or
noise. SWAT correlated significantly with both performance-based and physiologically-based
workload variable but the latter two methodologies did not correlate well or significantly
with each other.wrhe results indicate that biodynamic stressors such as noise and accelera-
tion adversely affect subjective operator workload without affecting objective task perform-
ance and that physiological workload measures such as eye blink and blink duration are in-
effective in the acceleration environment. J $
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1. INTRODUCTION

The modern aircraft cockpit is less than the ideal work station for the

human. In modern fighter aircraft cockpits, pilots are routinely

subjected to 120 dB A-weighted sound level (100 dB at the ear) and must

be able to perform complex cognitive tasks while exposed to acceleration

levels up to +9Gz. Ir addition, new developments in digital cockpit

displays and integrated weapons system avionics have significantly

altered the role of the pilot from that of a skilled, manual control

operator to that of an executive manager of an integrated weapons system

(Schitlett, 1980). Selecting and displaying information on various

multi-purpose displays, processing information on the heads-up and

heads-down displays and coordinating weapons systems while maneuvering a

high performance aircraft can impose a serious cognitive load on the

pilot. Humans, operating other complex man-machine systems under a

variety of both normal and abnormal conditions, also face situations

imposing serious cognitive loads. The human operator has a limited

capacity to process and respond to information (Broadbent & Gregory,

P965; Eggemeier & O'Donnell, 1986; Navon & Gopher, 1979; Norman &

Bobrow, 1975; Shingledecker, 1983; Wickens, 1984). System designers

must have a metric for measuring that portion of the operator's limited

capacity which is dctually required to perform a particular set of

tasks. As a result, mental capacity or workload methodologies have been

developed (Donchin, 1979; Jex, 1976; Mulder, 1979, Pew, 1979; Sheridan,

q1



1980; Williges & Wierwille, 1979). Mental workload, or workload, refers

to the demands imposed by the system on the operator's capacity for

processing information and acting on it (Gopher & Donchin, 1986; O'Donnell

& Eggemeier, 1986).

Unfortunately, few measurement techniques exist which are able to

provide an objective, reliable and valid estimate of the subtI differ-

ences in workload introduced by new cockpit systems. Compounding this

problem is the fact that the majority of these integrated cockpit

systems have been developed and evaluated on the ground by airframe

manufacturers in non-stress environments. Little is known about the

effect of noise stress or acceleration stress on the human operator

using these systems, and how these stressors affect workload and the

operator's performance. Noise stress was selected for this research

because noise levels can be as high as 120 dB A-weighted sound level in

the F-16 cockpit (Hille, 1979). Acceleration stress was selected

because pilots can be subjected to short-duration high G exposures

during air-to-air combat or air-to-surface weapons delivery and they

must be able to perform under sustained acceleration (Gillingham,

Plentzas & Lewis, 1985).

What is needed is a method for predicting and quantifying, subjec-

tively and objectively, the effects of stressors such as noise and

acceleration in the advanced fighter aircraft cockpit on pilot perform-

ance and mental workload capacity.

The objective of this research was to evaluate the effect of these

biodynamic stressors, noise and acceleration, on human operator mental '

workload and to contribute to the methodology of monitoring, measuring

and perhaps predicting mental workload in the aircraft cockpit.

2
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II. BACKGROUND

Mental workload is a construct which has been studied extensively,

reported throughout the literature and used in everyday language by

researchers measuring human performance; yet, one, universal definition

of mental workload still does not exist. Almost everyone can imagine

examples where two or more individuals comparably perform the same type

of task, whether it is performed in a factory, in an aircraft, on an

athletic field or in the classroom. Yet, it is clear that although

these individuals have achieved the same objectively measured
.9
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performance level, some of these individuals must expend much more

energy than the others in order to achieve the same level of

performance. It is this effort or "cost" to the individual that is

termed workload and which has eluded those who try to measure it.

Performance measures alone cannot account for this cost to the

individual and cannot of themselves explain workload. Humans can

increase their efforts as a task becomes more difficult, thus increasing

perceived workload, while simultaneously maintaining high performance

standards. Because individuals can achieve the same performance levels

with varying levels of effort, workload has been found to correlate only

moderately with performance measures; additional techniques and measures S

must be used to adequately describe the workload. Furthermore, some

techniques and measures are more diagnostic than others, especially if
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a task is performed in an abnormal environment.

Numerous studies have been conducted over the last decade to assess

the functional relationship between workload and a number of subjective,

behavioral and physiological measures. Researchers have developed a

number of measures of physical workload which effectively relate the

amount of work accomplished to the energy cost (Singleton, Fox &

Whitfield, 1973). Such direct measures have eluded mental workload

researchers. With the advent of computers and the technology

revolution, man's physical workload has been redirected toward more

mental activities; modern man must be able to perform attention ard

information processinq activities in many factory jobs since robots now

perform many of the menial, labor-intensive tasks. This transition from

the physical to cognitive workload role of man has been a popular topic

with cognitive psycholngists. Two recent publications have summarized

the current thinking about how to both measure mental workload

(O'Donnell & Eggemeier, 1986) and adequately describe its

multi-dimensional characteristics (Gopher & Donchin, 1986).

A number of models have been developed to explain how man can do

two things at once, but the essence of the major theories is that the

human information processing system is finite. Man has a finite

capacity or capacities for processing and acting upon information;

different task situations require different levels of capacity

expenditure (Gopher & Donchin, 1986). In t~rms of mental workload, an

individual in a high workload situation has little or no "spare capacity"

to cope with an additional task or responsibility. Alternatively, the

individual in a low workload situation has a virtually untapped capacity.
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What the precise nature and location of this capacity or capacities is

has been a topic of considerable debate (Kantowitz, 1985; Navon &

Gopher, 1979; Norman & Bobrow, 1975).

Many of the current workload measures are promising but, generally,

they have been validated primarily in laboratory environments under

quiet, one G conditions. Each of these measures, grouped into

subjective, behavioral or performance-based and physiologically-based

methodologies, has its strengths and weaknesses. Because of the

complexity of the workload construct, it is doubtful whether any one of

these three methodologies can completely and adequately describe mental

workload associated with any task in any situation or environment. The

combination of all three approaches might be required to characterize

the total workload. All three of these methodologies will be reviewed.

Subjective Measurement of Workload

A subjective measure of mental workload is one that is based on a

subject's direct estimate or comparison judgment of the workload experi-

enced at a given moment (Reid & Nygren, 1988). Subjective measures

require operators to judge and to report their own experience of the

workload imposed by performing a particular task. Rating scales are a

frequently used version of this technique and subjective measures are

the most frequently used method for workload assessment (Williges &

Wierwille, 1979). Subjective workload measures are popular because of

several reasons. First, subjective measures enjoy high face validity.

If operators voice their opinion that the operation of a certain system

requires too much work then design alternatives are usually found.

Secondly, subjective measures can be more direct than many of the other
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measures. Humans are excellent integrators. Whether it's judging a

decrease in the temperature outside, beautiful women, or an ice skating

routine in the Olympics, humans show a remarkable sense of placing

things on an ordinal scale. Some researchers (Johanssen, Moray, Pew,

Rasmussen, Sanders and Wickens, 1979) have even concluded that if an

operator believes he or she is task loaded and under stress in a situa-

tion, then one must conclude that he or she actually is, regardless of

what other measures or indices are indicating. Finally, the ease of

using and obtaining subjective measures makes them very adaptable to

operational environments. Very little, if any, instrumentation is

required and the timing of data collection can be tailored to fit the

particular operational environment. Scme of the disadvantages of

subjective techniques include factors that can influence the degree of

load actually experienced by the operator (e.g. confounding of mental

and environmental stressor) and methodological constraints that can

influence the reported levels of load, such as delay in reporting

workload ratings (O'Donncll & Eggemeier, 1986).

A Subjective Workload Assessment Technique, or SWAT technique has

now been develnped (Reid, Shingledecker, Nygren & Eggemeier, 1981).

SWAT is a scaling procedure that has been developed for use in applied

settings. What distinguishes SWAT from most other subjective rating

methods is that it was rigorously developed to be rooted in formal

measurement theory, specifically conjoint measurement theory (Reid &

Nygren, 1988).

SWAT has three dimensions. The first dimension is Time Load, which

means both the time available to perform a task or tasks as well as task

6
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overlaps. The second dimension deals with task factors such as diffi-

culty, complexity or effort; this dimension also encompasses the concept

of mental capacity or capacities referred to previously and termed

Mental Effort Load. Mental effort load involves such processes as

performing calculations, making decisions, attending to information

sources, placing information in short-term memory and retrieving it,

retrieving relevant information from long-term memory and estimation.

The third dimension encompasses a number of operator variables such as

motivation, training, fatigue, health and emotional state. This dimen-

sion may be represented by such specific stressors as fear of physical

harm, fear of failure, tension, unfamiliarity and disorientation, to

name a few. In addition, physical stressors such as temperature,

vibration, G-forces and noise may also be a scurce of irritation to te.

operator when they are present at low levels and performance blocks when

present at high levels. This type of workload effect is called Psycholo-

cical Stress Load and is defined as anything that contributes to the

operator's confusion, frustration and/or anxiety. In SWAT, subjects are

instructed to reflect the effect of the physical stress effect in this

"catch-all" dimension as either low, medium or high. Conjoint measure-

ment's power lies in the fact that it uses only observ, I ordinal or rank

order information about the complex construct in order to empirically

establish a combination rule that fits a respondent's data.

The combination of these three dimensicns with a thrp point (low,

medium, high) rating scale, results in a three dimensional-worklodJ

construct, rese;, bling a 27 :ell cube. Each of the cells of this cube is

represented by a combination of one descriptor for edch of the
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dimensions, yielding a total of twenty-seven cells or combinations.

These descriptors are typed on a set of index cards so that each cell is

represented by a separate card. This deck of cards is the medium

employed in obtaining the rater's judgment of the relative workload each

combination represents to him or her. Subjects are required to perform

a card sort procedure where they place the cards representing the 27

cells of the three-dimensional matrix in rank order beginning with the

combination of descriptors that represents the lowest workload situation

(1, 1, 1) and ending with the combination that represents the highest

(3, 3, 3). The 25 cards between are rank ordered. This order is then

used for scaling the input data for the conjoint measurement analysis.

The output of the conjoint analysis is an overall scale ranging from

0-100 which represents the combination of all three dimensions.

Subjects then respond to the task being evaluated with three numbers,

one for each of the dimensions and ranging from I to 3; 1 is a low

workload, 2 is medium and 3 is high. These ratings on each of the

dimensions are subsequently used to identify the score on the overall

scale of workload that had been derived from the card sort procedure.

As noted above, thcze scores range from 0 to 100.

SWAT has been widely used in aircraft and control centers, both in

simulation as well as operational settings (Reid & Nygren, 1988). SWAT

has been demonstrated to be a post-hoc scaling procedure that allows

meaningful assignment of numbers to individuals' subjective imprersions

of the mental workload associated with performing various tasks. It has

been used to evaluate workload associated with both short duration (less

than 60 seconds) as well as relatively long duration (up to 15 minutes)
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tasks (Reid & Nygren, 1988). SWAT has not been used in the past to

separate out the effect of physical stressors (such as acceleration,

noise and vibration) on mental workload and its overall utility in the

bioenvironment (heat, cold, vibration, acceleration, impact, noise and

fatigue) has yet to be evaluated.

Behavioral or Performance-Based Workload Measures

Performance-based measures develop an index of workload from some

aspect of operator performance. There are two major types of performance-

based measures O'Donnell & Eggemeier, 1986). Primary task measures can

indicate the adequacy of operator performance on the principal task or

system function of interest (e.g. the number of bombs on a target during

a training run made by a pilot flying an aircraft). Secondary task

measures are based on the operator's ability to perform an additional or

secondary task (e.g. responding to a radio communications task) concur- .

rently with the primary task of interest (e.g. dropping bombs).

In the single primary task measure app-oach, a single aspect of

primary task performance (reaction time, number of errors, tracking

error score) is used as the index of workload. The use of single

primary task measures of workload has produced some instances in which

levels of load induced by manipulation of task difficulty were discrim-

inated, and others in which they were not (O'Donell & Eggeweier, 1986).

A very frequently used workload assessment procedure is seconddry

task methodology which requires cncurrent performance of t.wo tasks by p

the ooerator. The primary task if, the activity cf central interest

(ropping bombs) and an estimate of primary task workload is derived
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from performance of an additional task (e.g. communications). The

secondary task workload methodology is often used to measure the

presumed spare or reserve processing capacity left over by a primary

task. One derives this measure from levels of performance on the

secondary task, which serves as a index of the spare capacity which is

available while the operator performs the primary task (O'Donnell &

Eggemeier, 1986). Two major categories of secondary task methodology

(Knowles, 1963) can be distinguished by emphasizing either the primary 1k

or secondary task performance: (a) the loading task and (b) the

subsidiary task paradigms. In the former category, the operator is

instructed to maintain secondary task performance, even at the cost of

primary task performance. This technique assumes the operator will

shift his/her attention from the primary task to the secondary task

causing breakdowns in primary task performance. The latter category,

the subsidiary task paradigm, is the more frequent application of the

secondary task technique and is a measure of capacity. Operators are iA

instructed to avoid degraded primary task performance at the expense of

the secondary task. The secondary task in this category is not used to

load the primary task, but rather, is used to determine how much addi-

tional processing can be undertaken while the primary task is being

performed at single task baseline levels (Knowles, 1963).

Performance measures, as do the other workload methodologies, give

relative measures of workload. If the primary task is a rpaction time

task, for example, a mean reaction time can be calculated based upon the

number of trials and subjects. If the addition of a secondary tack

results in a 20% longer mean reaction time for the primary task, this

10
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increase can be considered a relative measure of increased mental

workload. One should not say mental workload increased 20% because if

one were to measure the workload with another performance measure (such

as number of errors), there may not be a 20% increase (in errors).

These increases have not been demonstrated to be linear functions and,

most likely, they are not. Performance-based measures do provide the

researcher with the ability to compare relative increases in workload

and, if used carefully, c'n be quite diagnostic in certain situations

(O'Donnell & Eggemeier, 1986).

Physiologically-Based Workload Measures

Physiological measures infer the level of workload from some aspect

of the operator's physiological response to a task or system demand

(O'Donnell & Eggemeier, 1986). These measures may include central

nervous system responses (e.g. the event related potential measured from

the scalp), autonomic responses (e.g. pupillary reflex) or peripheral

measures (e.g. eye movements and muscle activity). The principal

physiological variables recorded for workload analysis include measures

of brain function (electroencephalogram or EEG), eye function (electro-

oculogram or EOG), cardiac function (electrocardiogram or ECG or EKG)

and muscle function (electromyogram or EMG).

The EEG recorded from surface electrodes placea directly on the

scalp is a practical procedure for directly tapping the brain's activity

during the performance of a task (O'Donnell and Eggemeier, 1986). Some

attempts to quantify the amount of EEG power in specific bands (e.g.

alpha, beta, theta and delt;j of the EEG spectrum have been attempted;

these have been generally disappointinq as indications of workload,
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except where overall activation clearly changes as a function of the

load imposed. The development of the cortical evoked response, on the

other hand, has shown some promise in assessing specific workload

variables. In the transient cortical evoked response technique, stimuli

are presented at a relatively slow rate, such as one second or longer

between stimuli. This approach allows the effects of the stimulus on

brain activity to dissipate prior to a second stimulus and the transient

response of the brain is, therefore, isolated in the evoked response.

The first 250 milliseconds of the response have been related to sensory

characteristics of the stimulus, such as image sharpness, color and

intensity (O'Donnell, 1979; Regan, 1972) and to some early cognitive

events.

For workload research purposes, it is the third major positive peak

of the evoked response that is of interest (FiQure C6). This peak,

called the P300 or P3, frequently occurs in the time period between 250

and 600 milliseconds, depending on the task. Numerous studies have

confirmed that the P300 is elicited only when the subject is actively

processing information, and that it is elicited only by stimuli which

have some relevance to the task being performed by the subject (Beck,

1975). The amplitude and latency of the P300 wave appears to be

sensitive to different aspects of the stimulus situation; amplitude has

been shown to vary monotonically with stimulus probability and is

directly proportional to the degree of subjective surprise at the

appearance of a stimulus (O'Donnell & Eggemeier, 1986). The latency of

the P300 wave has been suggcsted as indicating the amount of time the

subject takes in evaluating a stimulus (Donchin, 1981). The latency and

12
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amplitude of the P300 may be used to assess differences in task-induced

difficulty of processing and responding to information.

One relatively standardized paradigm has evolved for evaluating the

P300 which has been used in applied situations. The "oddball" paradigm

(Gopher & Donchin, 1986) allows assessment of certain types of workload

analysis of the P300 amplitude generated to a relatively nonintrusive

secondary task. The typical procedure involves the presentation of an

audio task through a headset to a subject who is tracking or performing

some task. The audio task usually involves two tones, one high and one

low, with one tone occuring more frequently than the other. The subject

is instructed to attend to the rarer tone and to count the number of

times the tone occurs during a visual-motor task. The P300 amplitude to

the rarer tone is then obtained and analyzed; this amplitude has been

shown to vary as a functicn of a number of conditions, such as task

difficulty, task relevance and occurrence of the rare tone (Ocnchin,

1981).

Physiological measures other than the P300 include eye blink and

blink duration, heart rate and blood pressure. Measures of closure

duration and blink pattern have been successful indicators of

time-on-task effects that might indirectly index levels of workload

(Oster and Stern, 1980). One of the problems plaguing eye blink dura-

tion and blink frequency analysis is that it is difficult to determine

whether the observed effects were truly due to workload differences or

simply resulted from changes in motivation or fatigue (O'Donnell &

Eggemeier, 1986). The EKG, blood pressure and other factors relating to

cardiac function have all been used as physiological indices of stress

1 3
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or workload. Heart rate has been the most widely used indicator of

workload, since it is relatively easy to obtain and had been shown to be

a sensitive workload measure (Blitz, Hoogstraten & Mulder, 1970; Boyce,

1974; Hasbrook & Rasmussen, 1970; Kalsbeek, 1963, 1968, 1973; Krzanowski

& Nicholson, 1972; Spyker, Stackhouse, Khalafalla & McLane, 1971;

Stackhouse, 1973, 1976). Heart rate and heart rate variability are

promising but are considered by some to be unvalidated measures of

workload (O'Donnell & Eggemeier, 1986). Other physiological measures,

such as the muscle EMG, are not directly related to cognition but have

shown promise as indicators of mental workload.

The EMG has been used to obtain a measure of "mental work," or

tension in a muscle not directly related to the visual-motor task being

performed by the subject. For assessing mental workload, the relatively

static tension level of a muscle not directly involved in task perform-

ance is usually monitored (O'Donnell & Eggemeier, 1986). Researchers

have placed electrodes on a limb not being used in the task or on

another muscle such as the neck or forehead and general activation

theory (Duffy, 1962; Malmo, 1969) predicts that an increase in mental

work or stress will be accompanied by a corresponding increase in the

EMG tension level. Because there is condiderable variability in the EMG

absolute values between subjects, the EMG, to date, has not been consid-

ered a simple, diagnostic measure of mentil workload (Jex & Allen, 1970;

Spyker et al., 1971).

Like performance-based measures, physiological measures give

relative measures of mental workload. Increases in one measure, such as

heart rate, P300 latency or P300 amplitude as a function of task or

14
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effect is that noise can distract; the other effect is that noise can

arouse the operator. If noise acts to arouse the operator, one might

expect improved reaction times and better visual-motor performance under

noise stress compared to the ambient, noise-free environment condition.

Subject performance under acceleration stress is a function of the

+Gz level and task difficulty. Regardless of the task difficulty, as

sustained acceleration levels begin to approach man's G tolerance, the

human must expend all of his energy and attention in maintaining con-

sciousness and cannot perform a concurrent visual-motor task. In

general, for those G levels (less than 9 Gz) up to man's acceleration

tolerance level, the human can share his resources that he must expend

in maintaining eye level blo.od pressure and consciousness with those

resources required in performing a visual-motor task.

From the review of the workload, noise and acceleration performance

literature, relatively little data exist concerning the effect of

biodynamic stressors on workload. In addition, because of differences

across studies, no capability exists to compare effects of the stressors

on the range of performance. What is needed are systematic experiments

to determine the effect of sustained acceleration and noise on human

performance and workload, with noninvasive physiological parameters

measured and correlated to performance and to both subjective and

objective measures of mental workload.

)1
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physical stressor can be calculated and used to compare against another

task or stressor. A 20% increase in heart rate cannot be equated with a

20% increase in mental workload, however, if one task causes a 20",

increase and another task under the same condition causes a 5% increase,

one can argue that the former task imposes higher mental workload. In

addition, these increases, or decreases, in physiological measures are

most likely nonlinear.

In summary, mental workload refers to the demands imposed by the

system on the operator's capacity for processing information and acting

on it (Gopher & Donchin, 1986; O'Donnell & Eggemeier, 1986). Various

methodologies exist for measuring mental workload; each has its

strengths and weaknesses. Under certain conditions, it is the

combination of two or more of these methodologies that best describes

the workload of the operator.

Noise and acceleration affect operator performance (Appendix E).

Such changes in performance can be interpreted or perceived as increases

in mental workload. in order to understand the effect of physical

stressors on mental workload it is worthwhile to review the effects of

these stressors on human performance.

Human Operator Performance in Noise or Sustained Acceleration

Environments

A number of studies have been performed on humans performing in

either a high noise (100 dB) or sustained acceleration (greater than 3G)

environment. These studies are reviewed in Appendix E and summdrized

here.

Noise stress appears to have two distinct effects on humans. One
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III. RESEARCH PLAN

The principal objective of this research was to determine the

effect of biodynamic stressors on human mental workload and performance.

In view of the described status of workload research it was decided to

measure mental workload with techniques from all three of the basic

methodologies used in order to assess their utility in the biodynamic

environment.

The utility of all three workload methodologies was evaluated by

having the subjects perform a dual task. The dual task accomplished two

objectives: 1) it provided the source of workload that was recorded and

measured and 2) changes in primary and secondary task performance were,

in themselves, measures of mental workload. Dual task performance has

been found to be a sensitive, diagnostic tool in determining one's

reserve processing capacity (O'Donnell & Eggemeier, 1986).

Prior to developing the dual task, comprised of primary and

secondary tasks, the limit and extent of noise and acceleration

exposures were defined and an experimental design was developed. The

desire was to be able to find differences in subjects' mental workload

as a function of increasing task difficulty and increasina stressor and

to verify these changes, statistically.

Selecting the Stressors

The typical Air Force ur Navy pilot is subjected to a number of

biodynamic stressors including heat, cold, vibration, noise, acceleration
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and fatigue; he must be able to perform in these stressor environments.

Sustained acceleration was selected as one stressor for investigation

because it is, perhaps, the most typical environment in which the

fighter aircraft pilot must perform. During air-to-air engagements and

air-to-surface weapons delivery, pilots spend important time periods at

levels greater than 1G. Several researchers (Gillingham et al., 1985)

have determined that during mock air combat tactics exercises involving

the F-5, F-16 and F-16 aircraft, these latter two aircraft spent on the

average, 20 seconds per engagement at or above 5G. Mean engagement

durations were 60 seconds. Based upon these results, one minute periods

of performance under sustained acceleration were considered

representative for this research. Maximum acceleration levels for the

subjects were based on the relaxed G tolerances of the subjects rather

than their maximum straining, protected G tolerances. The reasons for

using the relaxed G tolerances rather than the protected, straining G

tolerances of subjects is explained under experiment II in the Methods

section.

Noise stress was selected as an operationally relevant stressor,

because it is present in all aviation jobs. Noise levels as high as N

approximately 120 dB A-weighted noise level have been recorded in the

cockpit of an F-16A aircraft cruising at 5000 feet and 488 knots

indicated airspeed with the environmental control system on, or the

defogger on maximum speed (Hille, 1979). The helmet (HGU 26/P with

custom helmet liner) effectively suppresses this cockpit noise level 5-N

approximately 20 dB A-weighted. Noise levels ranging between 90-120 dB

A-weighted are not uncommon in the F-16A cockpit (Hille, 1979). Since

maximum noise exposures approach 100 dB A-weighted measured at the ear

f.3#
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of pilots of these high performance aircraft and Air Force Regulation
p

(AFR) 161-35 (Aerospace Medicine: Hazardous Noise Exposure) states that

more than 30 minutes/day exposure to 100 dB A-weighted noise can result

in permanent hearing loss, it was decided to select 100 dB A-weighted as

the upper limit of noise exposure for human subjects for this research.

Levels higher than 100 dB A-weighted noise would impose exposure

limitations of less that the 30 min/day on the subjects which would have

been impractical and unrealistic.

In order to be able to compare the upper limits of the acceleration

and noise exposures with baseline, or no stress, levels it was decided

to have ambient conditions. In the case nf noise exposures, ambient was

defined as a "no noise" (low noise) condition in the centrifuge cab with

the subject wearing a headset but with no noise generated in the

headset. The ambient noise level in the cab was reasured to be
'~'

approximately 60 dB; because the headset attenuated the cab noise

approximately 20 dB, ambient noise level at the ear i defined as 4o dB

A-weiqhted. For acceleration exposures, the ambient, condition was the

baseline, or minimum rotating, acceleration of the centrifuge (1.4 G, Z

Medium stressor exposures were also selected in order to give three,

rather than two levels of stressor for analysis.

The addition of a medium stressor level for analysis purposes cave

insight into the action of the stressor at other than the extreme

'imits. The medium stressor level for noise was selected as 90 dB

A-weighted; medium acceleration stress was selected as I G less than the

maximum relaxed subject and tolerance. These medium levels were based

on best estimates by the researcher as providing nominal stressor

conditions.
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Development of a Performance Task

The tracking task described by Repperger (1984) and used extensively

in centrifuge studies at the Armstrong Aerospace Medical Research

Laboratory was selected as a primary performance task (Figure 2). The

compensatory tracking task has been shown to be sensitive to the effects

of G stress (Burton & Shaffstall, 1980; Perez, 1986; Repperger, 1984;

Rogers, 1973). Subjects tracked a vertically moving target aircraft and

attempted to place the pipper (Figure ?) directly over the aircraft as .

it moved in an unpredictable fashion on the display. The control stick

controlled the movement of the pipper. A secondary task for the

subjects to perform in addition to the primary task was selected because

it is an effective means for increasing the difficulty of the required

performance and it provides a measure of mental workload. As the

secondary task performance degrades while maintaining primary task

performance, one can relate the degraded performance to a decrease in

reserve processing capacity and an increase in mental workload. Because

it was desirable to have a secondary task that was operationally

relevant, such subsidiary tasks including the audio "oddball" (Gopher P

Donchin, 1986) or recalling letter sets were rejected. What was

selected was a relevant secondary task.

Subjects monitored a Radar Hc-iing and Warning Display (Fioure 2) in

which various symbols appeared and disappeared just to the right of the

pipper and the subject used short-term memory to retain and act upon the

various targets and "threats." This task tapped cognitive resources of

the subjects and was accepted by the centrifuge subjects as fac ,,lid.

Radar Homing and Warning Displays (RHAW) are located on the instrument
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panels of fighter aircraft and help the pilot track and monitor friendly

and threat aircraft through the use of radar. The subjects' interaction

with this task was implemented such that no excessive manual operations

were required, such as pushing buttons with the non-tracking hand. Such

manipulations could have possibly been confounded by accelerative forces

and the objective of this research was to observe the effects of acceler- V"

ation on the cognitive skills of the subjects. The secondary task was

implemented via the trim switch already located on the force control S

stick used by the subject for tracking.

During a pilot study (described in Appendix D), two levels of

difficulty for the primary tracking task and two levels of difficulty

for the secondary task were selected. Each of these levels were

incorporated into the dual task conditions and also into primary task-

alone and secondary task-alone conditions. As explained in Methods and

Materials, combinations of these factors resulted in eight tas'

conditions.

Devulopment of the Experimental Design

An experimental design was developed as part of the research plan

to incorporate the performance tasks and stressors, such that all

performance tasks were performed at all stressor levels. This gave a

range of effects of the stressor on the task and resulted in a range of

measures of mental workload.

In order to establish confidence in the results, as many qualified

subjpcts as possible were used. Because all subjects had to be members

of the Sustained Acceleratiin Stress Panel, the maximum number of

subjects availablp during this research was 10. Nine subjects
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participated in the study. Nine subjects completed experiment I; eight

completed experiment If. The 95," confidence intervals and least

significant differences discussed in the statistical methods section are

based on nine subjects for experiment I and eight subjects for

experiment II. Subjects performed, on the average, for one hour per

day, including instrumentation and check-out time.

Because subjects would become fatigued if they were required to

perform for more than one hour at a time and fatigue wds not one of the

variables investigated in this research, total subject performance per

day was limited to one hour. These relatively short performance periods

with breaks between exposures should have minimized any faticue effects.

In developing the experimental design, there were two stressors (nc.ise

and acceleration), three levels of stressor (low, medium, high), three

primary tracking task conditions (0, I/S, I/S2) and three secondary task

corditions (C,2,4 targets). Since the no plant-no target condition was

not evaluated in the presence of the stressor, this factor was not

,.ailuated, res'iltiny in eight tasks. In order to assess the effects of

the stressors independently it was decided to have 'wn experimerts. The

purpose of the first experiment was to assess the effects of noise on

mental workload and the purpose of the seond experiment was to assess

the effects of sustained acceleration on mental workload.

Design of Expriment I - Thec", were 27 poss.ible combinations of

primary task, secondary task and noise level in the factorial design

selected for thi, experimel nt. Becau;e the no plant-no target condition

was not (,onducted in the th.ee noi sn levels, 24 combination , of taks

and stressor wore developed (Tahl(, 1). The goals of thin, design were

,) ')
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1) to present the noise levels in combination with the primary and

secondary tasks in a balanced fashion, with no two noise levels

experienced twice in a row (in order to preclude any detrimental effects

of two back-to-back 100 dB exposures), 2) to treat all noise levels as

equally as possible and, 3) to give an even distribution of the

simple secondary task-alone condition among the 24 combinations, giving

subjects a mental break during the experiment. The 2d-one minute

combinations with a 30 second break in between each combination resulted

in a 35 minute experiment with subjects exposed to 100 dB A-weighted

noise for only eight minutes/day. This was well within the 30 minute

exposure maximum allowed in AFR 165-35, explained previously. Subjects

trained on the 24 combinations over several days; each subject practiced

on the 24 combinations/visit. If their scores were within 5% of the

previous day's score, they began actual data runs the subsequent day.

No subject took more than four practice sessions for training to this 5T.

criterion.

Subsequent to training, subjects completed two data collection days

performing all 24 combinations (Table 1). Their results over the two

data days were then averaged to arrive at means for all 24 combinations.

Analysis of the resulting data is discussed in the Methods and Materials

section.

Design of Experiment II - The same philosophy from experiment I

was carried forward to experiment I. No two G levels were experienced

back-to-back, all G levels were treated equally in terms of combinations

and there was an even distr bution of the simple-to-perform secondary

task-alone condition, in order to give the subjects a mental rest. The

23
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24-one minute combinations were split over a two-day period in

experiment II (Table 2) in order to reduce the nnsihility of fatiguing

the subjects. Subjects were given a one minute break between

acceleration exposures in order to allow heart rates and other

physiological variables to return to a resting level. Because these

were relaxed subjects, heart rates did return to normal within 60

seconds after each exposure. All subjects received at least one

training session under acceleration; nine one-minute tracking exposures

were given with three at baseline, three at low G and three at high G.

Once the experiment started, each subject experienced 12 exposures plus

11-one minute breaks for a total of 23 minutes/experiment day. Subjects

entered the experimental design in either group I or group 2 (Table 2)

and started with a low or medium G level and not a high G level. This

gave the subject a 'warm-up" to the high G condition which placed the

subject at or near his physiological limit to relaxed G tolerance. The

subject then prroressed either forward (F) or in reverse (R) order from

this combination. This sequence is explained further under Description

of the Experiments in the Methods and Materials section.

Selection of Mental Workload Measures

All three of the widely used meital workload methodologies

including subjective, performance and physiologically-based measures v
were evaluated. The objective was to determine how well each

methodology agreed in the stresscr environment and whether or not

stressors affected each methodology in the same way. All three of

the methodologies are well-founded in the one G, noise-free envircnment

but their utility in the "stressor" environment remains, essentially,

24



unproven.

The subjective measure selected was the SWAT. SWAT was selected

because there exists a wide data base on its use under a variety of both

normal and abnormal conditions (Reid & Nygren, 1988). In addition, the

experimental design lended itself conveniently to the concept of the 1

SWAT, with subjects providing a SWAT rating between the 24 trials.

Performance-based methodology selected included both the primary

and dual tasks. These weidely used measures have been relatively

successful in determining reserve processing capacities in subjects

(e.g. O'Donnell & Eggemeier, 1986). Performance-based measures

included primary trackina task error score and secondary task per-

formance on the RHAW display (percent hits). Reaction time is another

performance-based measure that provided an index of processing load in

the subjects. Reaction time and a real-time form of the reaction time

or man-machine response time (MMRT) were also recorded. MMRT is ex-

plained in Appendix B.

Physiological measures selected included those which have been

widely used and are nonintrusive and relatively easy to record. The

intent was to observe changes in these measures as a function of

increasing mental workload and to equate increases in heart rate, for

example, to increases in SWAT or increases in performance-based measures

such as error score. Physiological measures recorded under noise

exposures included heart rate, P300 latency and amplitude, total eye

blinks and blink duration, mean arterial blood pressure and forearm EMG.

Physiological measures recorded under acceleration exposures included

heart rate, P300 latency and amplitude, total eye blinks and blink

25
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duration, forearm EMG, percent arterial oxygen saturation and percent

temporal artery blood flow velocity. Four of these measures, (EKG, EOG,

EEG or P300 and EMG) were recorded and analyzed on the Neurological

Workload Test Battery (explained and pictured in Appendix C).

Selection of Stressful Environments

The expermental design was based on three levels of stressor.

The extreme limits of the stressor were based on typical cockpit

exposures and AFR 161-35 in the case of noise exposures (40 dB, 90 dB &

100 dB) and on the relaxed G tolerances of the subjects (1.4 Gz, 2.75 Gz

& 3.75 G z ) in the case of acceleration exposures. The rationale for

using the relaxed G tolerance of the subjects rather than the straining

tolerance was 1) electrodes recording EEG, EOG, EKG, and EMG would be

less likely to be contaminated with muscle artifact due to subject

straining and, 2) the effect of sustained acceleration on the human

without any countermeasures (e.g. anti-G suit or straining maneuver)

could be established. In addition, as a first attempt to record mental

workload measures under acceleration stress, a conservative approach to

stressing the subjects was taken. Future studies will be directed

toward recording physiological measures from active, straining subjects

under high (greater than 4G) acceleration stress. The technique for

establishing the relaxed tolerance is explained in Methods and

Materials.

Protocol

The following protocol was followed by subjects participating in

these experiments. The fol'owing outline is an example of the protocol

followed by subjects during the acceleration phase.
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1. Instrumentation of the subject and physical exam

A. Subject arrives for experiment

1. Undresses and dons flight suit

2. Physician checks diet and blood pressure of subject

B. Principal investigator and medical technician instrument

subject

C. Subject debriefed by Principal Investigator about what the

subject will be doing

II. Subject insertion in the cab and checkout

A. Centrifuge floor crew (technicians) insert subject into the

centrifuge cab, strap subject in and connect instrumentation

leads tc appropriate amplifiers

B. Subject is allowed to practice trackina for five minutes while

signals from the centrifuge into the medical monitor room are

verified

C. When the subject, principal investigator and physician are

ready, data collection begins

Ill. Data Collection

A. Subject is told in advance what task he can expect and at what

G-level

B. The neurological workload test battery operator initiates

recording with the onset of the 60 second task presented to the

subject

C. The subject experiences 12-60 second tasks with a one minute

rest in between each exposure. (Subjects returned another day

to complete the other 12 exposures)

o2
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D. Subsequent to each exposure the subject qives a SWAT score

E. The subject's performance score (tracking error score and

number of targets hit) is presented on the crt 15 seconds prior

to the start of his next task

F. After the subject has completed all 12 exposures he is removed

from the cab and returns to the medical exam room.

IV. Subject debriefing and physical exam

A. The physician examines the subject subsequent to the data

collection and all electrodes are removed

B. The subject's next visit to the centrifuge is scheduled and the

subject leaves b

In summary, a factorial design was selected with subject, task and

stressor as the factors. Two stressors were selected for comparison

reasons and the stressors were evaluated at low, medium and high levels

in order to give three points for analysis. The experimental design was

based on all subjects completing all twenty-four randomized combinations

of primary and secondary tasks such that no two stressor levels or tasks

were presented back to back. Workload measures selected were based nn

the three widely used methodologies and those measures which have been

shown to be sensitive and diagnostic. bI

Analysis of Data

After the data were collected, means and standard deviations of all

of the variables were calculated across task and stressor and these V
S

numbers were analyzed via analysis of variance (ANOVA) with task and

stressor as fixed factors anJ subject as a random factor. The least

significant difference (LSD) procedure (Daniel, 1983) was used to
I

determine pair-wise differences for task, stressor, plant and target.
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This procedure uses t-tests with a .05 per comparison error level. The

means were then plotted with 95% confidence interval bars in order to
give a picture representation of the LSD procedure and to give the

reader the ability to see, pictorially, significant differences in the

means as a function of stressor or task difficulty. These procedures

are discussed more thoroughly in the Statistical Methods section.

I
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IV. METHODS AND MATERIALS

Description of Experiments
Pilot Study

A pilot study was conducted to select the performance tasks for the

study (Appendix D). The criteria for selection of the tasks were that

I

the tasks should be short in duration, demanding, easy to score and face

valid. The pilot study was necessary to define the range of tasks

and to select the workload measures to be used in the research. The

pilot study resulted in the selection of two levels of difficulcy "or a 3

secondary task (twvo and four targets) and two levels of difficulty for m

the primary tracking task (1/S or velocity plant dynamics and 1/S 2 or

V

acceleration plant dynamics). When combined with targets-alone and

tracking-alone conditions, eight tasks resulted. These tasks are !

I

dsrbcbwudrDescription of Experimentse Tsks

Experiment I Noise Exposres

The objective of experiment was to have subjects perform the t

eight tasks selected from the pilot study while exposed to three differ-

ent levels of nise stress (24 combinations of task and noise) and to

determine the effect of noise on workoad measures. Nine subjectsh

participated in experiment I and all 60 second task exposures were

performed inrte in the e centrifuge (Figure f). All subjects hao

normal hearing audiograms as determined by examination with a TA-20

Automatic Audiometer. Pink noise, which is characterized by equal

energy per octave, was generated by an audiometer and transmitted
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to the subject via a headset. Each subject completed two days of 24

combinations (Table 1) with a 30 second rest in between combinations.

All combinations were randomized such that no two high noise levels were

experienced back to back (Table 1). Referring to Table 1, on days 4 and

5, subject I began data collection on Day 1 and started with combination

1 and progressed through combination 24 in the forward (F) direction.

On Day 2, he started with combination 24 and progressed through combin-

ation I in the reverse (R) direction. The ambient/no noise condition

was evaluated by leaving the audiometer turned off with no noise coming

through the headset. This resulted in an approximate 40 dB A-weighted

sound level between the headset and the subject's ear, as explained in

the Research Plan section. Mean SWAT, tracking error scores, percent

targets hit, reaction times to targets, arterial blood pressure, heart

rate, total eye blinks, eye blink duration, P300 amplitudes and laten-

cies to target aircraft flashes and to threat targets as well as track-

ing forearm EMG were computed as a function of noise and task for

experiment I and reported in the Results.

Experiment II - Acceleration Exposures

The objective of experiment II was to have subjects perform the .5

eight tasks selected from the pilot study while exposed separately to

three different levels of acceleration stress (24 combinations of task

and acceleration) and to determine the effect of sustained acceleration

on workload measures. Eight of the nine subjects from experiment I

completed experiment 1I. All subjects wore headsets which effectively

reduced cab noise almost 20 dB. The same 24 combinations used in

experiment I were followed in experiment 1I, however, acceleration

31

V!



stress replaced noise stress such that high (3.75 G ), low (2.75 G ) andz z
baseline G levels replaced 90 and 100 dB A-weighted sound levels and

ambient noise conditions (Table 2). Furthermore, the 24 combinations

were then subdivided into two groups (I and 2) and then randomized with

the constraint that no factor levels were experienced back-to-back.

The reason the 24 combinations were divided into two groups

(Table 2) was so that no subject would exnerience more than twelve

acceleration exposures/day, with four of these at the subjects' relaxed

high G tolerance level. Referring to Table 2, subject 1, for example,

began his Day I data collection in grcup 1, starting with combination

12. He progressed forward (F) in the combinations such that he experi-

enced combinations 12, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, and 11 on Day I

and then on Day 2 he started in group 2 with combination 8. He pro-

qressed in the reverse (R) direction starting with combination 8 such

that he experienced 8, 7, 6, 5, 4, 3, 2, 1, 12, 11, 10, and 9 to com-

plete his two data days. There was a one minute rest between each trial

to allow the subject to give a SWAT rating, to present him with his

performance -,-ore and to allow the subject's heart rate to return to a

baseline or resting level. The performance score was presented to each

subject following each trial in order to aive the subject feedback

on his performance and to help keep him interested and involved with the

study. This technique was found to be beneficial in a previous workload

study on the centrifuge (Albery, Ward & Gill, 1985).

Although acceleration was the stressor during experimet II,

subjects were instructed to relax as much as possible throughout all

exposures. By relaxing, two objectives were accomplished- (1) the pure
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effect of sustained acceleration on each subject unconfounded by subject

straining could be observed and (2) all physiological recordings were

uncontaminated, as much as possible, by muscle strain artifact. Relaxed

G tolerance for each subject was established on a day prior to data

collection. Subjects' G tolerances were established via the widely-used

light bar method (Crosbie, 1984) whereby subjects experience increasing

levels of acceleration in a step-wise fashion until they lose peripheral

vision outside of a 600 cone.

The subject sat in the centrifuge cab (Figure 8) and viewed a

semi-circular light bar 27" away and embedded with a series of light

emitting diodes (LEDs) spaced 1.50 apart. Bilateral pairs of LEDs were

illuminated and controlled by the subject as he deflected the control

stick fore/aft. While attending to a central LED, the subject pulled

the stick aft and could illuminate the bilateral pair of LEDs at the far

border of his peripheral vision. The subject could actively track the

extent of his peripheral vision by controlling the deflection of the

control stick and, thus, the position of a bilateral pair of illuminated

LEDs.

As acceleration increased from I G, upper torso blood was pooled

into the lower torso of the subject, eye level blood pressure dropped,

peripheral vision was diminished and the subject deflected the stick

fore, moving the LEDs toward the center of the light bar. Loss of

peripheral vision was established at 60"; when the subject moved the

LEDs into this 60' cone, the G tolerance was recorded at that particulpr

G level and the centrifuge was returned to the baseline (1.4 G) level.

During G tolerance trials, each subject experienced a 30 second
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2.5 Gz exposure while tracking his peripheral vision. If he did not

Icse peripheral vision into the 600 cone defined by the light bar, he

rested one minute and progressed to the next acceleration level, 3.0 Gz.

This 0.5 Gz increase procedure was repeated until a G level was reached

at which the subject moved the LEDs into the 60' cone.

The subjects' G tolerances for experiment II are listed in Table 3.

The average relaxed high G tolerance was 3.75 G. This compares well -

with relaxed G tolerances from the literature (e.g. Crosbie, 1984;

Gillingham, 1974). The medium G level used during experiment II was ore

G less than the subjects' high G tolerance level and was selected

because it was a level halfway between the high and baseline G level.

Baseline G levels (1.4 G) were the same for all subjects.

After establishing the subjects' G tolerance, the subject received

on the same day nine-60 second training exposures in the centrifuge.

Three of these randomly selected combinations were at baseline, three

were at their medium tolerance level and three were at their high G

tolerance level. Over the two data collection days, each subject

experienced the eight tasks at their high G tolerance level, at one G

less than their high G tolerance level and at baseline G.

Subjects

The subjects for experiments I and II were all members of the

Sustained Acceleration Stress Panel. A total of nine male subjects,

mean age 27, participated in both experiments. Eiqht of the nine

subjects completed experiment II and all nine subjects completed

experiment I. All subjects were right-handed, had 20/20 correctable

vision and were tested for normal hearing. There were no complaints
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received from the subjects concerning the quality of the visual display.

During the SWAT card sort, these nine subjects tended to fall evenly 5

into three categories; three of the subjects tended to emphasize the

psychological stress dimension in their sort, three emphasized mental

effort and the other three, time load. Because of this even

distribution and a high Kendall's coefficient of concordance, a general

group solution (Reid & Nygren, 1988) was used to scale all nine

subjects' ratings. Thc explanation and justification for the group

solution is not discussed here, but rather, in the SWAT User's guide

(Reid, Potter & Bressler, 1988). No further analysis of the grouping of

the subjects' SWAT ratings was performed.

Subjects were motivated to perform at their best. A "Top Gun"

trophy was awarded to the subject who had the lowest error scores and

best secondary task performance for both experiments I and II. The

incentive appeared to be successful in maintaininq a high level of

performance in all subjects.

Subjective Ratings and Instructions

Physiological variables to evaluate workloao were recorded on the

equipment described, below. Performance-based measures of workload,

such as tracking error scores and hits and misses of targets in the

secondary task were recorded on the centrifuge computer (Figure 3).

Subjects' subjective ratings were voice recorded after Prch noise or

acceleration exposure. SWAT ratings were used to obtain a psychological

assessment of mental workload for each exposure. The three dimensions

of time load, mental effort and psychological stress were divided into

high (3), medium (2) and low (1) ratings; each subject gave a SWAT
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rating immediately after each noise or acceleration exposure. These

ratings were then converted into one point on the overall 0-100 point

scale that had been previously developed via conjoint analysis to obtain

one number for each exposure for each subject (Reid, et al., 1988).

During those tasks where primary tracking-alone was being eval- L

uated, the target aircraft flashed periodically to trigger the NWTB and

subjects were instructed to count and to report the number of times the

aircraft flashed during the 60 second exposure. These tasks were not,

strictly, primary task alone as explained under the next section,

Description of the Performance Tasks. During dual performance tasks, P
.,

where subjects tracked and attended to the secondary task, subjects were

instructed to maintain their best performance on the primary task and

then to do their best on the secondary task with any spare mental W1

processing capacity or time they had available. Because the composite

error score used in computing the subjects' overall error score was

based on both the primary and secondary task scores, subjects tended to

treat the tasks almost equally. Composite scores were computed by a

method developed by the researcher by taking the subject's trackina

error score (for example, 20) and multiplying it times the ratio of

threat targets displayed during an exposure (such as 14) to the threat

targets effectively countermeasured, or hit (such as 7). Such a result

would aive the subject a composite score of 20 x 14/7 = 40 for one expo-

sure. Subjects were also instructed to give their SWAT rating within 15

seconds after each exposure and prior to the displaying of performance

scores on the crt for each trial attempted; this was done ir order to

preclude any influence of the subject's knowledge of his performance
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score in his arriving at a SWAT rating for the trial. During all trials

and exposures, subjects were instructed not to talk and during experi-

ment I, subjects were instructed not to strain against the acceleration

stress. Subjects were given knowledge about the specific performance

task and stressor level prior to each trial or exposure. This was done

since the subject would have most likely known within the first ten

seconds which combination he was performing, anyway.

Description of the Performance Tasks

The primary task consisted of a computer-generated target aircraft

moving unpredictably in the vertical direction, only; the secondary task

was a modified Radar Homing and Warning (RHAW) display (Figure 2). The

primary task was a compensatory tracking task in which the object was to

null the error between the vertically moving aircraft and the pipper

(Figure 2). During the pilot study, three different types of control

stick dynamics for tracking the vertically moving aircraft were eval-

uated in order to develop a wide range of task difficulty and mental

workload. These types of dynamics included a pure gain (K) plant desig-

nated P1, a velocity (I/S) plant designated P2 and an acceleration

(I/S 2 ) plant designated P3. These three plant conditions provided a

varied relationship between the deflection of the joy stick and the

movement of the pipper.

These tracking dynamics have been found to elicit a wide range of

tracking performance from subjects (Pepperger, 1984). When the subject

had pure gain control (K), a displacement of the control stick caused

the pipper to move instant]) in the direction of the deflection. This

was a step-wise type of movement in that the pipp(r moved from point to
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point, almost instantaneously. When the subject had first-order control

(1/S), constant displacement of the control stick caused the pipper to

move at a constant velocity in the direction of the movement. Under the

more difficult second-order control conditions (I/$2), constant displace-

ment of the control stick accelerated the pipper's movement. The

difficulty of the tracking task could be increased by changing the

forcing function, or speed, of the target aircraft. A forcing function

of 1 with either the P1, P2 or P3 plant created a slowly moving target,

fairly easy to track; a forcing function of 5 with either the K, 1/S or

21/S plant resulted in a very responsive target, almost impossible to

track accurately. These plants and forcing functions were modulated and

evaluated by subjects during the pilot study.

Secondary task (RHAW) difficulty could be modulated by changing the

number of threat targets (from I to 2 or 4) displayed randomly among the

five nonthreat targets (Figure 2). These threat and nonthreat symbols

were generated and displayed at the approximate rate of one

symbol/second. Threats appeared approximately 20% of the time. There

was no specific human factors related reason for the design of the

symbols; it was decided not to make them obvious (such as arrows

pointing left, right, up or down) but to make them somewhat nondescript

such that the subject had to perform some mental processing.

Eight tasks, or combinations, were selected from the pilot study to

carry forward into Experiments I and If. The eight tasks are described

below:

(1) No-tracking with two tireat targets (0-2): This task was selected

as an easy activity wherein the target aircraft remained stationary and
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only two threat targets appeared among the five nonthreats. The two ,

targets, randomly generated, always required the up or down thumb action

to deliver the countermeasure (Figure 2). The up or down thumb action

was selected because it was the easiest thumb movement for the subjects

to make. The purpose of this task was to obtain baseline data on the

secondary task.

(2) No-tracking with four threat targets (0-4): This task was the same

as number 1, above, but employed all four threat targets (Figure 2).

(3) Simple, Velocity (1/S) tracking with no targets (1/S-0): This task

was also simple for the subjects and provided baseline tracking data on

the primary tracking task. This task was not truly single task control.

There was a nonintrusive subsidiary task the subjects had to accomplish

while performing this particular task, and that was to count to

themselves the number of times the target aircraft flashed during the

trial or exposure. The aircraft flashed approximately every 3.5 seconds

(approximately 20% of the exposure time) during tasks 3 (1/S-0) and 6

(I/S2-0) in order to evoke a response for recording on the NWTB since

there were no targets present durino these tasks to evoke the response.

Otherwise, there would have been no P300 data for the 1/S-C and 1/S -0

tasks for comparing to the othEr tasks.

(4) Simple, Velocity (l/S) tracking with two threat targets (i/S-2):

This task was a dual task in that the subject had to track as well as

attend to the RHAW display. The two targets were countermeasured by the

up and/or down thumb actinn.

(5) Simple Velocity (1/S) tracking with four threat targets (I/S-t):

This tdsk was the same as number 4 but employed all four threats.
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(6) Difficult, Acceleration (1/S 2) tracking with no targets (1/S2-0):

This task was the same as that described in number 3, above, but

employed the more difficult to control acceleration plant dynamics.

(7) Difficult, Acceleration (1/S2 )tracking with two targets (I/S2-2):

This combination was like combination 4, but employed the more difficult

to control acceleration plant dynamics.

(8) Difficult, Acceleration (/S2) tracking with four targets (1/S 2 -4):

This task was considered to be the most difficult and was similar to

task 5 except that the more difficult-to-control acceleration plant

dynamics were employed.

Physiological Measurements and Instrumentation

Physiological parameters recorded included the P300, EOG, EKG, EMG,

blood pressure (DINAMAP, Model 1255-00006), arterial oxygen saturation

(Nellcor N-1O0), and superficial temporal artery flow (L&M Doppler,

Model 501). The latter two measures were recorded during Experiment i!,

only, since they were sensitive to changes in eye level blood pressures

caused by sustained acceleration. Blood pressures were recorded during

the last 20 seconds of each 60 second exposure during Experiment 1.

Blood pressure was not monitored during Experiment II because the

equipment was not acceleration qualified. A fully instrumented subject

is shown in Figure 6. The layout of the monitoring equipment, subject

and computer/machine interface is illustrated in Figure 7.

All subjects were instrumented with electrodes, one for the

transient visual evoked response (plus referenced mastoids) located

centrally at Cz (Internaticnal 10-20 electrode system; Jasper, 1958),

three for the EKG, (modified Marriott method; Marriott & Fogg, 1979),
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two for the EOG plus a ground and three for the EMG (Figure 6). The

temporal artery flow velocity transducer has a nickel-sized transmitter

and receiver in its head, and is placed over the temporal artery where

it is secured by tape and an ace bandage (Figure 6). Medtronic infant

monitoring electrodes, "huggables," which are Ag/AgCl, self-adhering and

pregelled, were used for EEG and EOG measurements including grounds and

reference. NDM Silvon stress test ECG electrodes, Ac/AgCl, which are

pregelled and self-adhering were used for EKG and EMG recording and

grounds. The Sa02 pulse oximeter transducer was mounted on the bridge

of the nose (Figure 6). The EEG signal was amplified 50,000 times with

a Gould universal amplifier, model 13-4615-58; bandpass was set at .05

Hz low and 30 Hz high. The EEG was sampled for 1.0 seconds following a

trigger signal to the NWTB. All other physiological measures were

recorded continuously during each 60 second exposure. The EKG signal

was amplified 2000 times with a Gould EKG amplifier, model 13-4615-64.

The EOG signal was amplified 2000 times by a Systems Research

Laboratories, Inc. amplifier, Model No. 1. The EMG signal was amplified

2000 times with a Gould EKG amplifier, model 13-4615-64. All

electroencephalogram leads were shielded and all electrode groups were

grounded to insure the safety of the subject.

Equipment

All research was conducted in the Dynamic Environment Simulator

(DES) shown in Figure 1. The DES is a 19 foot radius, man-rated,

man-operable centrifuge located dt the Armstrong Aerospace Medical

Research Laboratory at Wright-Patterson AFB, OH. The primary and dual

tasks described herein were generated on an Evans and Sutherland
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Multi-Picture Graphics System and displayed on a 12 inch diameter crt
(Figure 2). Subjects interacted with the display via a force control S

stick and with a thumb actuated trim switch. Deflecting the control

stick moved the target circle or "pipper" (Figure 2) in the vertical

direction and moving the thumb trim switch left, right, up or down

actuated the countermeasure to the threat (Figure 2). The control stick

was controlled by the right hand of all subjects.

Subjects sat in a modified F-16 aircraft seat; eye-to-crt distance

was 27". After the tracking task was generated on the graphics system,

it was scan-converted using a 525 line, black and white video camera and

displayed on the crt in the DES cab. A layout of this configuration is

illustrated in Figure 3. A layout of the seat and crt geometries in the

DES cab is illustrated in Figure 4.

The DES cab lighting was not as bright as the typical office

environment; the subdued lighting made the graphics on the crt easily

discernible and allowed for composite video taping of the subject's face

and task during data collection. Brightness was measured with a Minolta

hand held luminance meter. Typical office environment luminances were

found to be approximately 35-40 foot-Lamberts (f-L). The DES cab

luminance was 13 f-L. Bright objects on the crt, such as the target

aircraft, were as bright as 40 f-L against a background of 1.8 f-L.

Normal brightnesses for the aircraft, arid and targets was 3.5-5.0 f-L

against a target background of 1.0 f-L. Aircraft and threat symbols

subtended an angle of approximately I or 60 minutes of arc at the eye

of the subject, 27" away. Tracking error scores were derived as the

root mean square (RMS) of the error. Tracking error scores represent
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degrees error based upon the geometries of the eye-to-crt distance (27")

and target aircraft-to-pipper distance (Figure 2). It was determined

that a constant 3 1/8" target to pipper distance equated to an error

score of 114. This relationship relates to a 1.160 error for a tracking

score of 20. Tracking scores herein are reported as whole numbers.

Special equipment (Figure 5) was developed to accurately record the

transient visual evoked response and P300 of subjects in experiments I

and I. Trigger signals to start the recording of visual evoked responses S

were generated when a threat appeared or whenever the target aircraft

flashed, such as during primary tracking task trials (Figure 2). When

the combination included the dual task, the target aircraft did not

flash although nonthreat and/or threat targets appeared every 1-2

seconds to the right of the pipper which were sensed, triggered and

evoked a response in the subject. These trigger signals and evoked

responses were recorded on the (NWTB). A video dot generator (Figure 5)

was developed to sense the appearance of the targets or the flashing

aircraft on the crt in order to trigger the NWTB to begin recording the

transient visual evoked response. Whenever a threat target appeared,

the rare event window was filled with a raster, the photocell was

energized and the video dot generator sent a logic signal to the NWTP

which triggered the onset of recording the one second visual evoked

response (Figure 5). Whenever a nonthreat signal appeared, the frequent

event window was filled with a raster and the frequent event photocell

channel was triggered. The rare/frequent triggers at the bottom of

Figure 5 illustrate a typical pattern of triggers observed at the NVTB,

with threats/nonthreats occurring once each second and threats occurring
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approximately 20% of the time. The evoked responses from nonthreats

were recorded but not analyzed for this research. Video transmission

delays in the order of 30 milliseconds were eliminated from evoked

response analysis by using the photocell pick-up of trigger signals from

the crt screen and sending the trigger directly to the NWTB (Figure 5).

During noise exposures, 90 dB and 100 dB A-weighted pink noise was %

generated through a headset driven by a Grason-Stadler Audiometer, Model V

1701.

Reaction times were measured from the time a threat target appeared

on the subject's screen until the suDject actuated the thumb trim switch

to deliver a countermeasure. The same video dot generator described

above was used to sense the appearance of a threat symbol on the crt

screen and it was the start of this signal from the photocell (Figure 5)

that was used as time zero in calculating subjects' reaction times to

threat targets.

Statistical Methods for Data Analysis

In both the noise and acceleration experiments (Experiments I & II)

there were 24 combinations of plant (1, I/S, 1/$2), target (0,2,4) and

stressor (Noise: 40 dB, 90 dB, 100 dB or Acceleration: 1.4 Gz , 2.75

Gz , 3.75 Gz). The three stressor combinations with no plant or no

target (stressor alone) were not used. .,

For Experiment I there were two data collection days. Each day a

subject performed all 24 combinations once (Table 1). Means for the two

replications of each combinatio -4ere taken before analysis to help

reduce order effects within a subject. For Experiment II there were two

data collection days where subjects performed 12 combinations on Pay I
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and the other 12 combinations on Day 2 (Table 2).

In deciding how to model the data the problem of having no data for

stressor alone combinations had to be resolved. Since using plant and

target as factors in an ANOVA would result in missing cells it was

decided to combine plant and target into one factor (called task). The

design then included task (see Description of the Performance Tasks) and

stressor as fixed factors and subject as a random factor. All of the

ANOVA tables (4d-17) are organized as the summary table (4a) below. S

Table 4a. ANOVA Summary Table SWAT and Noise

Source of DF Sum of Error F-Value P-Value
Variation Squares Term

S

S 8 10811 Error 12.06 .0001
T 7 23472 SXT 26.66 .0001

ST 2 8530 SXST 17.15 .0001

SXT 56 7044 Error 1.12 .2998

SXST 16 3980 Error 2.22 .0081

TXST 14 1522 Error 0.97 .4887

ERROR 112 12555

TOTAL 215 67913

S - Subjects

T - Tasks -.

ST - Stressor (noise or acceleration)

SXT- Interaction between subjects and tasks

SXST - Interaction between lubjects and stressor

TXST - Interaction between tasks and stressor
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OF - Degrees of freedom

All of the main effects for stressor and comparison of plant and

target means (Tables 4d-17) are organized as the summary table (4b)

below.

Table 4b. Summary Table for Main Effects of Task and Stressor

Main Effects for Task (LSD=6.1)*

Task SWAT Means

0-2 9.5

0-4 14.71 (Those means connected by the

I/S-O 16.0 same line are not significantly

1/S2-0 21.3 I different)

1/S-2 25.0 I
1/S-4 29.4

I/S2-2 33.5

1/S2-4 43.6

*To be significantly different at the .05 level, (LSD Least

Significant Difference), the SWAT means must be greater than or equal to

6.1 units apart.
Comparison of plant and target means were accomplished by taking

appropriate contrasts of the levels of task. Mean comparison procedures

(Daniel, 1983) which use ranks of the means (e.g. Duncan, Tukey,

Newman-Kuels) were not considered since, in theory, the means should be

independent, and in this research, the means were not independent

(subject was a random factor). The procedures which control the

experiment-wise error level (Bonferroni, Scheffe) usually at the .05

level have per comparison error levels -.05 (Daniel, 1983), and it was
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felt that by using the LSD procedure, results of pairwise comparisons

could be more easily interpreted for the following reasons:

(1) a per comparison error level was easier to interpret than an

experiment-wise error level which is generally not known but is an upper

bound; (2) the .05 per comparison error number can be considered the

least amount two means can differ to be considered significantly dif-

ferent; (3) procedures which control the experiment-wise error level at

.05 can have very conservative per comparison error levels (task in-

volves 28 pairwise comparisons) which makes a mean difference, that is

not quite significant, hard to interpret. (4) 95% confidence intervals

for the unknown means of each factor level give a picture representation

of the LSD procedure (Figures 9a-36) since the .05 comparison number is

equal to 1.4 times the width of half of the confidence interval.

The .05 comparison numbers as shown in figure 9a use only the mean

squared error in the error term. Using subject interactions in the

error term resulted in very few differences which would be of little

value, in terms of interpretation. However, by using only the mean

squared error, results pertain only to these subjects and should not be

generalized to other subjects.

Missing data resulted for some of the variables, especially

physiological measures including the P300 (EEG) and heart rate. In

aeneral, less than 3 or 4 data points out of the 24 total data points

for a particular subject were lost. If there was a problem in recording

a particular variable, such as EKG, the entire record for that subject's

24 combinations was not ana'yzed, which resulted in a smaller "N." One p

can see on Tables 19 and 21 that N's fo; blink duration, EKG, EEG ana
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EMG were not as high as for the SWAT and performance-based measures.

With missing data the F-tests, which use subject interactions as error

terms, become approximate. As the number of missing data points

decrease this approximation improves.

Due to the missing data and a desire not to assume a linear relation-

ship between variables it was decided to use the Spearman correlation
p..

procedure to determine the relationship between the means of the vari-

ables (Daniel, 1983). The Spearman correlations, P-values and number of 0

observations (Tables 18 & 20) are organized as the summary table (4c)

below.

Table 4c. Summary Table of Spearman Correlation Coefficients, P-value

and Number of Observations

Variable I Variable 2 ......... Variable N

Variable 1 1.0000 -0.40471(a) ........ 0.61619(a)

0.0000 0.1200 (b) 0.0014 (b)

24 16(c) 24(c)

Variable 2 1.0000 .... ....... 0.08824(a)

0.0000 0.7452 (b)

24 16(c)

S

Variable N .. "
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Variables - SWAT, Error Score, %Hits, etc.

(a) Correlation coefficient and sign

(b) P-value of that correlation

(c) Number of observations the statistics are based upon

In summary, analysis of variance (ANOVA) allowed for the parti-

tioning and analyses of the total variance in the set of data recorded

for this research. The LSD procedure was used to determine the

significance of differences in the means since it gives a .05 comparison

number to use as a reference. Because the LSD procedure is a liberal

method, it is easier to find significant differeces in the means.

Therefore, the LSD numbers in the Tables (4d-17) and Figures (37-51)

represent the smallest difference that can be considered significant.

Mean differences close to the .05 number can be interpreted as being

borderline significantly different and as differences increase one can

be more assured that a significant difference exists. The 95% confi-

dence intervals (Figures 9a-36) allows for a pictorial representation of

differences in factor levels.
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V. RESULTS

Statistical significance is established at the P :1.05 level throughout

the following results. In the ANOVA tables 4d-23, means connected by

the same line are not significantly different. Results from noise

exposures are presented first followed by results from the acceleration

exposures. Results are also illustrated graphically. Figures 9a-22 are

plots of the workload measure means versus stressor expressed in terms

of 95% confidence intervals. Noise exposure results are at the top of

the page and acceleration exposure results for the same workload measure

are presented at the bottom of the paae, for comparison purposes.

Figures 23a-36 are plots of the workload measure means versus task

difficulty and are presented in the same manner as figures 9a-2?.

Figures 37-46 combine the high and low stressor exposures on the same

graph and depict the action of the workload measure as a function of
fI

task difficulty ana stressor. Figures 52-57 combine sever3 of the r

previous figures on one graph in order to illustrate the different

effects of the two stressors on the workload measures.

Effect of noise on mental workload

Subjective Measures

SWAT and noise - Increasinq noise stress caused sgnificantly

increasing SWAT ratings from the subjects (Table 4d, Fioures 9a, 52).

Increasing task difficulty ,AIso caused sionificantl) 'ncreased SWAT

ratings from subjects (Figures 23a, 53). The single task, were judged
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to impose less workload than the dual tasks (Figure 23a). F-tests 14

(Table 4d) showed a significant difference among the tasks (P=.0001) and S

among the noise levels (P=.0001). The noise levels were all pairwise

significantly different (means: 40 dB-16.6, 90 dB-23.8, 100 dB-32.0).

SWAT correlated positively and significantly with only one

performance-based variable, tracking error score (P=.0273). SWAT

correlated positively and significantly (Table 18) with heart rate

(P=.0134), mean arterial blood pressure (P=.0008) and EMG Standard 0

Deviation (STD) (P=.0001). SWAT correlated negatively and significantly 0

with eye blink duration (P=.0033). There was a significant interaction

(P=.0081) between subject and noise (Table 4d). SWAT ratings increased

as a function of both noise stress and task difficulty (Figure 37).

Performance measures

Tracking Error Score (Primary task performance) and noise - Noise S

stress, as it increased from ambient to 100 dB, had no significant

effect on primary tracking task performance (Table 5a, Figures 10a, 54).

Increasing task difficulty significantly increased error scores on the S

primary tracking task, with the I/S velocity plant combination error

scores significantly less than thGse for the I/SL acceleration plant

combinations (Figures 24a, 38, 55). F-tests (Table 5a) showed a

significant difference among the tasks (P=.0001) but not among the noise

levels (P=.6434). There was significant interaction between task and

noise (P=.0007) however, the differences between the i/S velocity plant p.

and the 1/S2 acceleration plant were significant.

Percent Targets Hit (Secondary Task Performance) and noise -

Noise stress had no significant effect on performance of the secondary
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task, (Table 6a, Figure Ila). Increasing the task difficulty

(specifically, when adding two additional threats to the two threat 3

combination) caused secondary task performance to decrease (Figures 25a,

39). F-tests (Table 6a) showed a significant difference among the tasks

(P=.0296) but not among the noise levels (P=.4139).

Reaction time (RT) and noise - Noise stress, as it increased from

ambient to high levels, tended to reduce subjects' RTs to threat targets

(Table 7a, Figure 12a). Significant reductions in PT from the ambient

noise condition were observed at both the 90 and 100 dB A-weighted noise

levels. Secondary task difficulty tended to increase RT significantly

2except for the 1/S acceleration plant conditions (Figures 26a, 40). S

F-tests (Table 7a) showed a significant difference among the tasks

(P=.0003) and among the noise levels (P=.0189).

Man-machine response time (MMPT) and noise - Increasing noise

stress reduced the MMRT (Table 8a, Figure 13a), in going from 40 X 90 to '-

100 dB A-weighted noise levels. MMRT is explained in Appendix B.

Increasing task difficulLy, especially going from the 1/S to I/52 plant

conditions significantly increased MMRTs (Figures 27a, 41). F-tests

(Table 8a) showed a significant difference among the tasks (P-.0001) but

not among the noise levels (P=.0888).

Correlation of performance-based measures among themselves and with

physiological measures (Table 18) - Tracking error 'core correlated

positively and significantly with MMRT (P .00I9) and FMG STD (P=.G034)..

Percent targets hit correlated negatively and significantly with reac-

tion time (P=.0001) and EMG STD (P=.n196). RT correlated negativPly and

significantly with EMG STF (P=.0056) and percent tarqets hit (P-:.0001).

X
5 2

%



V

MMRT correlated positively and significantly with tracking error score

(P=.0019). MMRT did not correlate significantly with any of the physio-

logical measures.

Physiological Measures

Heart rate and noise - Noise stress had no significant effect on heart

rate (Table 9a, Figures 14a, 56). F-tests did not show a significant

difference among the tasks (P=.0586) or among the noise levels

(P=.2269). Noise level means were (40 dB=73.7 beats per minute, or BPM, 0

90 dB=74.7 BPM, 100 dB=73.9 BPM). There was a significant difference

among the plant conditions with the secondary task, only, combinations

showing a significantly lower heart rate than the I/S velocity plant •

combinations (means: no tracking=72.9 BPM, I/S=75.1 BPM, I/S2=74.2

BPM). There was not a significant difference among the target condi-
',

tions (means: primary tracking, only=74.1 BPM, 2 targets=74.6 BPM, 4

targets=74.7 BPM). Increasing task difficulty caused increasing heart

rates (Figures 28a, 57) except within the 1/S2 plant condition.

Total Eye Blinks and Blink Duration and Noise - Noise stress had no

significant effect on either total eye blinks (P=.5164) or eye blink

duration (Pp.3469) (Tables lOa, 11a; Figures 15a, 16a). Increasing task

difficulty had a significant effect (P=.0001) on total eye blinks

(Figures 29a, 43) as subjects tended to blink less during primary
tracking and dual task exposures versus secondary task-only exposures.

A similar trend (P=.1387) was observed for blink duration (Figures 30a,

44) with blink durations longer for the secondary task, only, combina---S"

tions and shorter for the p:imary tracking and dual tasks. F-tests

(Table 10a) showed a significant difference among the tasks (P=.0001)
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for total eye blinks but not among the noise levels (P=.5164). F-tests

(Table 11a) did not show a significant difference among the tasks

(P=.1387) or among the noise levels (P=.3469) for eye blink duration.

P300 latency and amplitude and noise

Increasing noise stress had no significant effect on P300 latency

or amplitude (Tables 12a, 13a; Figures 17a, la). There was a trend of

increasing P300 latencies and amplitudes with increasing task diffi-

culty, especially when the secondary task was added to the primary

tracking task (Figures 45, 46). F-tests (Table 12a) did not show a

significant difference among the tasks for P300 latency (P=.4140) or

among the noise levels (P=.6558). F-tests (Table 13a) did show a

significant difference among the tasks for P300 amplitude (P=.0187) but

not among the noise levels (P=.5675).

Mean Arterial Blood Pressure (MAP) and noise - 90 and 1OOdB noise

levels tended to have higher MAPs than the 40dB level (Table 15, Figure

20). MAPs were significantly higher for the 1/S and I/S2 plant

conditions than for the 0 plant"condition (Figure 34). F-tests (Table

15) did not show a significart difference among the tasks (P=.0944) or

among the noise levels (P=.1172).

EMG standard deviation (STD) and noise - Noise stress had no significant

effect on EMG STD (Table 14a, Figure 19a). Increasing task difficuity

had a significant effect on EMG STD (Figure 33a). EMG STD increased

significantly when the secondary task was added to either the I/S

velocity or I/S2 acceleration plant tracking-only task. F-tests Table

14a) showed a significant d~fference among the tasks (P=.0070) but not a'

among the noise levels (P=.5965).
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Correlation of physiological measures among themselves and with

performance-based variables (Table 18) - Although heart rate did not I

correlate significantly with any of the performance-based variables,

heart rate correlated positively and significantly with mean arterial

blood pressure (P=.0066) and negatively and significantly (P=.0091) with

eye blink duration. Neither total eye blinks nor eye blink duration
I I.

correlated significantly with any of the performance-based variables.

Total eye blinks did not correlate significantly with any of the

physiologically-based variables; blink duration correlated negatively

and sianificantly with mean arterial blood pressure (P=.0389) and heart

rate (P=.0091).

P300 latency and amplitude did not correlate significantly with any

performance-based variables. However, P300 latency ard amplitude

correlated positively and significantly with EMG STD (P=.0098 and

P=.0160, respectively). Mean arterial blood pressure (MAP) did not

correlate significantly with any of the performance-based variabls.

MAP did correlate positively and significantly with heart rate (P=.0066)

and EMG STD (P=.0256); MAP correlated negatively and significantly with

eye blink duration (P=.0389).

Effect of acceleration on mental workload

Subjective Measures

SWAT and Acceleration - As acceleration increased from baseline to

medium and high levels, the stressor caused significantly increasing

SWAT ratings from the subjects (Table 4e, Figures 9b, 52). Increasing

task difficulty also caused significantly increasing SWAT ratings

(Figure 23b, 53). SWAT ratings increased as a function of both stressor
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and task difficulty (Figure 37). F-tests showed a significant

difference among the tasks (P=.0001) and among acceleration levels P

(P=.O001). The acceleration levels were all pairwise significantly

different (means: 1.4 G=12.5, 2.75 G=19.3, 3.75 G=39.0). SWAT

correlated positively and significantly (Table 20) with tracking error

score (P=.0024) and negatively and significantly with percent targets

hit (P=.0205). SWAT correlated positively and significantly (Table 20)

with heart rate (P=.0001), P300 latency (P=.0265) and EMG STD (P=.0014).

Performance Measures

Tracking Error Score and Acceleration - Error scores increased with

increasing acceleration; error scores for the high acceleration

exposures were significantly higher than those for baseline (1.4 G)

exposures (Table 5b, Figures 10b, 54). Similarly to noise stress,

increasing task difficulty increased error scores on the primary

tracking task, with the I/S velocity plant dynamics combinations scores

less than those for the I/S2 acceleration plant combinations (Figures

24b, 38, 55).

Percent Tarqets Hit and Acceleration - As under noise stress,

increasing acceleration stress had no significant effect on performance

of the secondary task. There were consistent decreases in secondary

task performance in going from one 2 to 4 target conditions except for

the 1/S plant condition (Figure 39).

Reaction Time (RT) and Acceleration - Acceleration stress had no .

significant effect on RT (Table 7b, Figure 12b). As under noise stress,

increasing task difficulty tended to increase subjects' RTs (Figure

26b). F-tests (Table 7b) showed a significant difference among the
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tasks (P=.0001) but not among the acceleration levels (P=.3056).

Man-Machine Response Time (MMRT) and Acceleration - Increasing

acceleration stress significantly reduced the MMRT in going from the

baseline (1.4G) to the low (2.75G) level (Table 8b, Figure 13b). MMRT

is explained in Appendix B. As under noise stress, MMRTs for the 1/S2

acceleration plant combinations were higher than MMRTs for the 1/S

velocity plant combinations (Figure 27b). F-tests (Table 8b) showed a

significant difference among the tasks (P=.000]) and among the

accelerations levels (P=.0410).

Correlation of performance-based variables among themselves and

with physiological variables (Table 20) - Tracking error score corre-

lated positively and significantly with MMRT (P=.0001), P300 latency

(P=.0026) and with EMG STD (P-.0279). Secondary task performance,

percent targets hit, correlated negatively and significantly with

reaction time (P=.0077), only. Percent targets hit did not correlate

significantly with any physiological variables.

MMRT correlated positively and significantly with tracking error

score (P=.0001), only. MMRT did not correlate significantly with any

physiologically-based variables.

Physiological Measures

Heart Rate and Acceleration - As acceleration increased from

baseline to high levels, the stressor significantly increased subjects'

heart rates (Table 9b, Figures 14b, 56). The mean heart rate of the

subjects was significantiy higher for the l/S and 1/'S" plant conditions

than for the no plant condition (Figures 28b, 42, 57). F-tests (Table

9b) showed a significant difference among the tasks (P=.0443) and amorg
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the acceleration levels (P=.O001).

Total Eye Blinks and Blink Duration and Acceleration - Increasing

acceleration significantly increased total eye blinks (Table lOb, Figure

15b) and decreased blink duration (Table 11b, Figure 16b). Increasing

primary task difficulty reduced total eye blinks (Figure 29b) but had

inconsistent effects on blink duration (Figure 30b). Subjects tended to

blink less and for shorter durations with increasing acceleration

(Figures 43, 44). There was a difference among the tasks (P=.0001 and

among the acceleration levels (P=.0184) for total eye blinks (Table

lOb) and a significant difference among the tasks (P=.0105) and among

the accelerations levels (P=.0017) for blink duration (Table 11b).

There was a significant interaction between task and acceleration for

blink duration (P=.0212).

P300 latency and amplitude and acceleration - As under noise

stress, increasing acceleration stress had no significant effect on P300

latency or amplitude (Tables 12b, 13b; Figures 17b, 16b). Increasing

task difficulty had no significant effect on P300 latency or amplitude

(Tables 12b, 13b; Figures 31b, 32b). P300 latency amd amplitude did

show a trend of increasing with task difficulty, especially when the

secondary task was added to the primary tracking task (Figures 45, 46).

F-tests (Table 12b) did not show a significant difference among the

tasks (P=.2846) or among the acceleration levels (P=.3102) for P300

latency. Likewise, F-tests (Table 13b) did not show a sianificant

difference among the task (P=.3165) or among the acceleration levels

(P=.7173) for P300 amplitude.

EMG Standard Deviation (STD) and Acceleration - Acceleration stress
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significantly increased EMG STD (Table 14b, Figure 19b). The EMG STD

for the high (3.75G) acceleration exposures was higher than the EMG STD

for either the baseline (1.4G) or low (2.75G) exposures. As under noise

stress, increasing task difficulty had a significant effect on EMG STD,

(Figure 33b). EMG STD increased significantly when the secondary task

was added to the I/S2 acceleration plant tracking-only task (Figure

33b). F-tests (Table 14b) showed a significant difference among the

tasks (P=.0018) and among the acceleration levels (P=.0452).

Correlations of physiological variables among themselves and with

performance-based variables (Table 20) - Heart rate did not correlate

significantly with any of the performance-based variables, however,

heart rate correlated positively and significantly with total eye blinks

(P=.0412) and negatively and significantly with eye blink duration

(P=.0017). Neither total eye blinks nor blink duration correlated

significantly with the performance-based variables. Total eye blinks

correlated positively and significantly with P300 amplitude (P=.0145).

P300 latency correlated positively and significantly with reaction time

(P=.0025) and tracking error score (P=.0026). P300 amplitude did rct

correlate significantly with any of the performance-based variables.

P300 amplitude correlated significantly with P300 latency (P=.0192).

EMG STD correlated positively and significantly with reaction time

(P=.0037), tracking error score (P=.0279) and P300 latency (P=.0015).

Other Physiological Measures

Percent Temporal Artery Flow Velocity - Acceleration had a

siqnificant effect (P=.00391 on percent artery flow velocity with high

(3.75 G) acceleration resulting in lower velocities (Figure 22, 36).
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F-tests (Table 17) did not show a significant difference among the tasks

(P=.3135).

Arterial Oxygen Saturation (SaO 2) - Sa0 2 was recorded during the

acceleration exposures, only, and the purpose was to obtain an addi-

tional (to Temporal Artery Flow Velocity) measure of acceleration stress

on the subject. There was no significant effect of task (Table 16,

Figures 21, 35) or acceleration on SaO 2 throughout the acceleration

exposures.
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VI. DISCUSSION

Effect of noise on mental workload P%

The only significant effects of 90 and 100 dB A-weighted noise in

this research on mental workload were reflected in the subjective

measure (SWAT), two performance measures (reaction time and MMRT) and

one physiological measure (mean arterial blood pressure). The other two

performance measures (primary tracking error score and percent hits on

the secondary task) were not significantly affected by the noise stress.

Likewise, physiological measures including heart rate, eye blink and

blink duration, P300 latency and amplitude and forearm EMG were not

significantly affected by the increased noise stress.

The reason why the subjective measure of mental workload increased

with increasing noise stress is reflected in the analysis of the three

components of the composite SWAT score (Table 22). All of the subjects'

SWAT ratings were analyzed as a function of noise (Figure 48) and a a

function of task difficulty averaged across noise (Figure 50). The

psychological stress component, which reflected the effect of the

stressor on the subjects' mental workload, increased more than the time

load or mental effort components in going from the ambient to high

stressor level (Figure 48). The subjects apparently used the

psychological stress component to reflect the effect of noise stress on

their overall mental worklood; the psychological stress component

increased significantly from 90 dB to 100 dB, averaged across all subjects.
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SWAT ratings as a function of task difficulty averaged across noise

exposures resulted in a different trend (Figure 50). As the task

difficulty increased, it was the mental effort component that was rated

the highest by all of the subjects, especially for the more difficult,

21/S tasks (Table 22, Figure 50). Time load was rated the lowest of the

tIree components, most likely because the primary and dual tasks were

not time-dependent tasks; subjects had fixed performance periods and

evidently felt they had adequate time to perform the task. The time

load component could be modulated in future research efforts by

increasing the speed of the target aircraft and/or rate of presentation

of targets for the secondary task. These two factors remaired constant

throughout this research.

When plotted on the same graph, the low and medium levels of noise

stress selected for this research were judged to generate more mental

workload for the subjects than low and medium levels of acceleration

stress (Figure 52). High acceleration stress was rated higher than high

noise stress on the combined SWAT scales (Figure 52). The only

significance of this specific result is that the stressor levels

selected for this research were fairly well matched in their overall

effect on the subjects' mental workload; had 120 dB A-weiahted noise or,

9G acceleration stress been selected, the results would have been* z

different. However, more generally, the result suggests that the SWAT

scales can be used effectively to compare and equate workload unoar

different stressor conditions.

On the same plot, tracking error scores were higher for
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acceleration exposures than for noise exposures (Figure 54). Likewise,

heart rates were higher for the acceleration exposures than for noise

exposures (Figure 56). One can see that equivalent tracking error

scores or heart rates could possibly result from higher noise stress

and/or lower acceleration stress (Figures 54, 56). Likewise, other

stressors such as heat, cold, vibration could possibly be modulated to

produce equivalent effects of tracking error scores or heart rate, for

example. Again, a most important indication of the present research is

that workload under different stressors and levels of stress can be N

equated using the above kinds of metrics. .%
S

Different workload measures under noise stress gave opposite

results. As the noise stress increased, blood pressures increased but

reaction time, man-machine reaction time and eye blink durations all

decreased. What this result means is that the action of some workload

measures is to decrease from some baseline level when workload

increases; other measures increase. A good example of this opposite

effect of workload measures is the eye blink measure. One would expect

to blink less when attending to a visual-motor task if it were possible

to miss a critical element of the display while blinking. Thus,

increased workload results in a decrease in total eye blinks. Other -

opposite workload effects were observed under acceleration exposures,

discussed later.

Performarce-based workload measures affected by the noise stress

incluoed reaction times to the targets in the secondary task as well as

the man-machine response timie (MMRT). Noise stress tended to reduce

reaction times to the targets as well as the MMRT; this reduction in I
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both the reaction and response times is attributed to the alerting cue

phenomenon of high noise levels (e.g. Teichner, 1963). Man-machine

response time was significantly lower for the 100 dB exposures than for

the ambient or 90 dB exposures. Evidently, the high noise stress tended

to keep the subjects more alert than the quiet, ambient noise condition.

The only physiological measures significantly affected by the noise

stress was mean arterial blood pressure (MAP). MAP increased

significantly for the 90 dB and 100 dB exposures compared to the ambient

exposures. This increase is attributed to the effect of noxious stimuli

on blood pressure observed by other researchers (e.g. Gunn, Wolf, Block

& Person, 1972; Obrist, 1963, 1976).

Effect of acceleration on mental workload

Acceleration stress significantly affected measures from all three

workload methodologies. SWAT increased with increasing accelerat' .n;

performance-based measures significantly affected by acceleration stress

included primary tracking error score and man-machine resronse time.

Physiological workload measures affected significantly by acceleration

included heart rate, eye blinks and blink duration. Performance-based

measures such as percent hits on the secondary task and reaction time to

the targets were not significantly affected by the acceleration. The

only physiologically-based measures not significantly affected by the

acceleration stress were the latency and amplitude of the P300.

Subjective mental workload increased with increasing acceleration

stress because of the contribution of the psychological str-ss component

to the SWAT score (Figure d9). As in the case ot rioice stress, subjects

tended to reflect the increased effect of the acceleratiun nn their
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mental workload in the psychological stress component (Table 23). This

component increas d more than either the time load or mental effort

components in going from baseline to the high G level (Figure 4n).

As a function of increasing task difficulty, the mental effort

component was larger than the time load or psychological stress compon-

ents during acceleration exposures and, especially, for the more diffi-

cult I/S2 tasks. Time load was consistently rated lower than the other

two components throughout all noise and acceleration exposures.

For the stressor levels selected for this research, high acceler-

ation generated more mental workload for the subjects than did 100 dB-A

weighted noise stress (Figure 52). Had a higher noise level been

selected (e.g. 120 dB), both stressors may have been equivalent in terms

of their effect on subjectively measured mental workload. When plotted -'

on the same graphs, acceleration effects on tracking error score and

heart rate were more pronounced than those for noise stress (Figures

54-57).

Performance-based workload measures affected by acceleratior stress

included primary tracking error score and man-machine response time. %

The tracking error score tended to increase as acceleration increased.

This increased error is attributed to the effect of the acceleration on

the cognitive performance rather than motor performance of the subjects,

since the tracking control stick was a force stick, very little deflec-

tion was required to effect movement of the pipper on the display

(Figure 2). Although the decrease in performance was not significart, a

s'milar effect was observed for the percent hits on the secondary task

(Figure lb). The percent hits dropped from 94.1 to 91.1 (Table 6b)
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Going from medium (2.75Gz ) to high (3.75 Gz) acceleration. Because the %

secondary task was accomplished by trim switch activation, acceleration

should have had little or no effect on this motor activity.

Mean reaction times were less for the acceleration exposures than

for the noise exposures. This result is perhaps due to two reasons: 1)

order effect, the acceleration phase followed the noise phase and the

subjects could have become more proficient and 2) there is evidence that

simple reaction time increases under acceleration (Canfield, Comrey &

Wilson, 1949); acceleration can serve as an alerting cue.

Man-machine response time was significantly less for the medium

acceleration (2.75 G,) exposures as compared to either the baseline or

high Gz levels. No explanation can be given for this result; reaction

times to targets under medium acceleration exposures were also less than

those under baseline or high acceleration levels (Figure 13b).

Heart rate, total eye blinks and blink duration were the three

physiologically-based workload measures that were affected significantly

be acceleration stress. The effect of acceleration on the cardiovas-

cular system is well documented; heart rates increase with increasing

acceleration stress (e.g. Chambers, 1963; Crosbie, 1984; Gillinoham, '

1974; Grether, 1974; Little, Hartman & Leverett, 1968). Subjects tended

to blink more as acceleration stress increased. Mean total eye blinks

nearly doubled under the high acceleration exposures compared to the

mean eye blinks observed under high noise stress. This phenomenon is

attributed to the physiolcgical effect of acceleration on vision,

discu,,sed later. Blink durations terded t.o hf, shorter under G -,tre's

than under noise stress. This result is also attributed to the effect _

r.
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of acceleration on vision and not to any cognitive-related phenomenon.

Different workload measures under acceleration stress gave opposite

results. As the acceleration stress increased, SWAT, tracking error

score, heart rate, total eye blinks and EMG STD all increased; blink

durations, percent targets hit on the secondary task and man-machine

response time all decreased. These latter three measures' actions were

to decrease rather than increase from some baseline level as workload

increased. One would expect the percent targets hit on the secondary

task to decrease as the workload increased; the subjects had less

reserve capacity to attend to the secondary task as mental workload

increased. As in the case of noise exposures, some workload measures

under acceleration stress gave results opposite to those of other

workload measures.

In summary, both noise and acceleration stress resulted in signifi-

cant effects in at least one or two measures from each of the three

workload methodologies. Increases in SWAT scores as a function of

stressor were due to increases observed in the psychological stress

component of the SWAT score. The acceleration stress selected for this

research tended to have a more significant effect or: all three methodo-

logies than the noise stress. Each workload measure is discussed in

detail, later. One of the objectives of this research was to determine

how well the three methodologies correlated. The correlational analysis

is discussed below.

Correlational Analysis

A correlational analys's provides the researcher with information

regarding the similarities between the action of several different 0
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variables. It is of interest to know if increasing stressor or

increasing task difficulty affect the various workload measures; whether

or not the workload measures are sensitive to the increased workload.

Those measures which do not change significantly with increasing

workload should not be disregarded; they may provide valuable

information at extreme levels of workload, for example.

For analysis purposes, we want workload measures to correlate

significantly. This tells us that whether the measure is subjective,

performance-based or physiologically based, its reaction to workload is

similar to that of other methodologies. However, because a measure does

not correlate significantly with other measures does not mean it is nct

a sensitive workload measure; the measure may be sensitive to a more

specific range of workload than the one it has been subjected to, for

example.

Significant correlations were observed across all three workload

methodologies. Correlations were usually positive, i.e., those measures

which correlated significantly with one another were, generally, ir

the same direction. As heart rate increased with increasine workload,

for example, SWAT scores increased. SWAT correlated significantly with

performance-based and physiologically-based variables under either noise

or acceleration stress. During noise exposures, SWAT correlated

significantly with one of four performance-based variables and fnur out

of seven physiologically-based variables. During acceleration

exposures, SWAT correlated significantly with two of four

performance-based variables and three of six physiologically-based

variables.

68



Although SWAT correlated highly with performance-based and physiolo-

gically-based measures, performance-based and physiologically-based

variables did not correlate with one another very well in this study.

These methodologies may very well be measuring different aspects of

workload, however, such as maintaining performance at some physiological

cost. Across noise exposures, performance-based measures correlated

significantly with only three of twenty-eight possible combinations with

physiological variables. In noise exposures, primary task tracking

error score was the only performance-based variable that correlated

significantly with SWAT. Across acceleration exposures, performance-

based variables correlated significantly with only four of twenty-four

possible combinations with physiological variables. In acceleration

exposures, secondary task performance (percent targets hit) was the only

performance-based variable that correlated significantly with SWAT.

Performance-based variables correlated well within the group, with four

of nine possible combinations correlating significantly across noise

exposures and four of nine across acceleration exposures.

Physiologically-based variables correlated significantly with 11,

of the other workload variables. Across noise exposures, physiologically-

based variables correlated significantly with only three of twenty-eight

possible combinations of performance variables. Those three ccrrea-

tions were with the EMG STD which is a physiological measure, but is not

considered a mental workload variable. Four out of seven variables

correlated significantly with SWAT, however. Across acceleration

exposures, physiologically-Lased variables correlated significantly with

four of twenty-four possible combinations (two of which were EMG STC).
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Physiologically-based variables, like performance-based variables,

correlated well within the group, with eleven of thirty possible combina-

tions correlating significantly across acceleration exposures and nine

of thirty-six possible combinations correlating significantly across

noise exposures. Three of six physiologically-based variables correlated

significantly with SWAT.

In summary, there were significant correlations among all three

workload methodologies under both noise and acceleration exposures.

Those measures which correlated significantly are considered to be the

better workload measures at least in terms of this analysis; those

measures which did not change significantly as a function of increasing

workload may be more sensitive under specific experimental conditions,

but under the constraints of this research offered little or no insight

into the changes in mental workload of the subjects. Becdise those

measures, such as P300 latency and amplitude, did not correlate will

with a number of the other measures does not mean they are "bad"

measures; on the contrary, if one inspects the action of P300 amplitude

as a function of increasing task difficulty (e.g. Figures 32 a, b) one

can see significant increases in the amplitude as a function of

increasing secondary task targets from two to four. Analyzed across the

entire range of task difficulty however, P300 amplitude did not

correlate well with other measures.

Significant Interactions

There were significant interactions between task and noise for

primary tracking task error score and man-machine response time and

between task and acceleration for heart rate and blink duration. While

7



some of these workload variables were increasing or decreasing at one

stressor level, they were doing just the opposite at other stressor

levels. Tracking error score increased when the four target condition

was added to the two target condition for both the 1/S and 1/S2 plants

and with 90 dB and 100 dB noise, but decreased under the same conditions

at ambient noise levels. This increase is attributed to the effect of

noise on tracking performance. Heart rate tended to increase as a

function of acceleration and task difficulty, however, heart rate

remained the same or even decreased when the four target condition was

added to the 1/S or 1/S2 plant, compared to the two target I/S or 1/S2

plant condition at high G. At baseline (1.4G) acceleration, heart rates

tended to increase under the same conditions, above. One possible

explanation is that the subjects did view the 1/S 2-4 task as the most

difficult and when coupled with the high G condition, considered it an

almost impossible task to perform. Error scores and percent targets hit

were their worst for this combination and perhaps the subjects were

under less pressure to do well knowing it was too difficult a task.

Blink duration increased for the 1/S2 tasks from 40 dB to 90 dB and

100 dB but decreased under the same conditions for acceleration. This

significant interaction is attributed to the effects of acceleration on

vision and not task difficulty, per se.

In summary, because some workload measures interacted significantly

with stressor and task and others didn't does not mean the interacting

measures were better workload measures than the others. For the

constraints of this research, these measures interacted; under different

experimental conditions, these measures may not have interacted. What
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is of interest about the significant interactions in this research is

the effect of the two stressors on the measures. Acceleration stress

tended to increase several measures (heart rate, total eye blinks,

tracking error score) while noise stress had little or no effect on

these measures. By analyzing the significant interactions, one can

determine the different effects increasing stressor or task difficulty

had on a workload measure and gain more insight into the response of the

measures to increased workload.

The general effects of noise and acceleration on the human operator

are that these stressors tend to increase mental workload. Not all of

the workload measures followed the same pattern, however. The effect of

the stressor and increasing task difficulty on each workload variable

evaluated in this research is discussed below.

SWAT

The results of the analysis of SWAT as a subjective measure of

workload suggest that with the highly trained subjects in this study,

SWAT can be a sensitive workload instrument. SWAT needs no other factor

or dimension in order to justify its power as at accurate and reliable

indicator of mental workload in the biodynamic %?nvirnnment. One limita-

tion of the SWAT however, is that it provides ?Fjative information, as

do other measures of workload. As a result, one is restricted in saying

only that one task has more or less workload than anothier. In addition,

subjective measures can sometimes be influenced by prior knowledge of

the performance task or environment ("this is a high acceleraticn level I. %

so I need to rate it high"). Research is cl2arly needed to define the

degree of influence of factors such as the number and range of task
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levels present in a studyor the order effects of the various conditions

of the study. Once this aspect of the measurement process is understood

then it may be possible to establish a "redline" for workload, a situa-

tion where the probability of performance breakdown is increased (Reid &

Nygren, 1988).

Heart Rate

Heart rate consistently and reliably correlated with SWAT and other

physiological variables of workload, but did not correlate significantly

with most of the performance-based variables. Heart rate tended to

increase as a function of task difficulty, but did not correlate

significantly with primary or secondary task performance across either

noise or acceleration exposures. This result does not reduce the

overall effectiveness of heart rate as a sensitive measure of workload;

a sensitive workload measure might not correlate significantly with

primary task performance variables. One example is P300 amplitude.

These results provide additional support to the concept that, unaer

certain conditions, heart rate can be considered an index of workload;

heart rate increases trdcked increases in SWAT, blood pressure and other

workload measures. Various researchers (e.a. Blitz, Hoogstraten &

Mulder, 1970; Boyce, 1974; Hasbrook & Rasmussen, 1970; Kalsbeek, 1963,

1968, 1973; Krzanowski & Nicholson, 1972; Spyker, Stackhouse, Khalafalla

& McLane, 1971; Stackhouse, 1973, 1976) found heart rate to be a

reliable indicator of workload.

Total Eye Blinks and Blink Duration

tinder noise or acceleration stress, subjects tended to blink less

when they were task loaded. This is a logical result since the subjects
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had to attend to the tracking or dual task more significantly than to

the secondary task alone. It has been observed that approximately once

every five seconds, human vision is interrupted for 200-300 milliseconds

by an eye blink (Lawson, 1948). This interruption represents approxi-

mately 6% of our average viewing time. Total vision, however, is not

totally obscured for the entire duration of an eye blink and it has been

estimated (Kennerd & Glaser, 1964) that only 3 of viewing time is

blacked out by eye blinks. The range of total eye blinks per 60 second

exposures throughout this research ranged from 0 to over 60 eye blinks.

Blink durations were shorter for the trackina and dual tasks compared to

secondary task for noise exposures but did not show the same trend for

acceleration exposures. Low and high G levels caused the subjects tc

blink for shorter durations as compared to 90 and 100 dB A-weighted

noise exposures. This shorter blink duration can possibly be attributed

to the physiological effects of acceleration on vision; some subjects'

eyes teared during high G exposures as lacrimation can be a side effect

of high sustained G. Likewise, high G also caused subjects to blirk

more often than they did at lower and baseline G levels.

As indices of mental workload, total eye blinks and blink curation

correlated significantly with only a few physiolocically and

performance-based variables under noise exposures. Because of the

physiological effects of high G on vision, use of these indices for

evaluating mental workload under sustained acceleration may be less than

effective as it may be difficult to separate the effects of acceleration

on visiun from the effects of cognitive load on vision. Whether the

observed effects were truly due to wurkload differences or simply J
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resulted from acceleration changes in motivation, boredom or fatigue
I

(O'Donnell & Eggemeier, 1986) cannot be determined from these results.

P300 Latency and Amplitude

Although the stressors had no effect on P300 latency and amplitude,

increasing task difficulty tended to increase P300 latencies and ampli-

tudes. These results can be interpreted within a framework which

suggests that the levels of stressors investigated in this research
3

tended not to load-up the human's central processing system. Both P300

latencies and amplitudes increased, sometimes significantly, whenever

the secondary task was added to either the I/S or 1/S 2 plant condition

averaged across all noise or acceleration exposures. This observed

increase in amplitude may be attributed to the possibility that both the

primary and secondary tasks shared the same common visual modality and

spatial location in the brain, as postulated by Wickens et al., (1983). 0

The reason why P300 amplitudes increased rather than decreased may be

because subjects biased their allocation of resources more toward the

visual secondary task than they would have toward an auditority secor-

dary task, which has been found to decrease the P300 amplitude. These

results also support the theory that P300 latency is an indicator of the

amount of time a subject takes in evaluating a stimulus (Donchin, 1981);

reaction times to targets increased as a function of task difficulty

(Figures 31c, 31d) just as did P300 latencies (Figures 26a, 31a) averaged

across all stressor levels.

The increase in P300 amplitude with increasing tracking difficulty

was also observed by Qiyan cnd Xu (1985) and Wickens, et al. (19P3).

Wickens, et al. (1983) found that increases in difficulty of the primary
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visual task elicited P300's with increasing magnitude. Whereas the P300

amplitude is significantly attenuated by the introduction of a tracking I

task in concurrence with a counting task (Navon & Gopher, 1979), the

reciprocal change in P300 amplitude for visual probes has been attri-

buted to the activation of some information processing activity that is

invoked by the appearance of task-relevant events; its amplitude is

inversely related to its expectancy (Wickens, et al., 1983).

P300 latencies and amplitudes were the most difficult variables to *

record and analyze in this research. Because of their low signal

strength (means ranged between 6 and 22 microvolts on Figures 46a, 46b)

and the problem of sending these amplified signals across the centrifuge

slip rings (the electrical interface between on-board the centrifuge and

the outside world), P300 processing was difficult, at best. Perhaps the

biggest drawback of using it as a potential workload index is the

subjectivity involved in selecting the P300 peak. This is no

straight-forward task and is fraught with personal subjectivity.

Because the performance tasks were of such short duration (60 seconds)

and event related potential (ERP) analysis is dependent upon averaging a

number of evoked response waveforms, it was decided to attempt to

visually evoke a response from each subject at least 10-14 times during

the 60 second exposure. 10-14 trials are a relatively low number of

trials on which to base a composite ERP in an applied environment; other

researchers use 50-100 trials on which to base a composite (Qiyan & Yu,

1985; Wickens et al., 1983). Because of the nature of this research, it

was not feasible to obtain 0-100 trials per exposure on which to base a

composite, or average, ERP. The range of trials for the 450 ERPs
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recorded during all of the exposures was from one to twenty-two ERPs

averaged per exposure with a mean of eleven and a standard deviation of

three. These ERPs were averaged for each combination or task for each

subject.

Composite ERPs were then traced onto paper and arranged three to a

page according to task with the ERP from the low, medium and high -

stressor level arranged from the top to the bottom of the page. This /

allowed a visual analysis of the ERPs for similar positive peaks and

valleys. It was also beneficial to compare ERPs for a dual task (e.g.

1/S-2) with the ERP from the primary task (1/S-O. Many times, a

similar positive peak could be identified on the primary task ERP which 5

corresponded to that observed on the dLal task ERP. All ERPs were

analyzed in this manner, comprising composite records of all subjects'

ERPs and analyzing them (selecting the P300 peak) together. This

process is explained more thoroughly in Appendix C.

The utility of the P300 as a valuable workload index has been

demonstrated in the laboratory (for example Donchin, 1981; Gopher &

Donchin, 1986; O'Donnell & Eggemeier, 1986) but has severe limitations

in the dynamic application, such as in the centrifuge. P300 recording

and analysis in the airborne environment is also a difficult proposi-

tion, especially where performance periods are usually short-term and

physiological recording equipment is usually constrained by weight and

cockpit capacity limitations. New developments in miniature, high-

fidelity physiological recorders may improve this situation, but unless

a more reliable and less sutjective methodology is used for eliciting

and analyzing the P300, its utility as a practical tool in dynamic and
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airborne applications of indexing mental workload during short-term

performance tasks is suspect.

Primary Task Performance

Primary task performance was unaffected by noise stress but

deteriorated with increasing acceleration stress. Primary task tracking

performance was significantly worse for the 1/S2 (acceleration) plant

combinations, independent of stressor. Orevious researchers (Broadbent

& Gregory, 1965; Hamilton & Copemen, 1970), using different tracking

dynamics, found that tracking performance improved with 100 dB noise

stress. Although error score means improved at 90 dB and 100 dB in this

study, these improvements were not significantly better thin tracking

performance at ambient noise levels (40 dB). The increased error scores

under increased acceleration stress confirms findings by previous

researchers (Loose et al., 1976; Repperger, 1984; Warrick & Lund, 1946). S

Mean tracking error scores increased with the addition ot the

secondary task averaged across all noise or acceleration exposures, but

not significantly. This result would tend to support the fact that

subjects followed the original instructions to maintain primary task

performance at all costs and to attend to the subsidiary task with

reserve processing capacity, only.
$

Mean error scores increased as a function of increasing acceleration

during the acceleration phase. This decrement in tracking scores is

attributed to acceleration effects which include visual as well as motor

problems. Several subjects' vision nearly collapsed to a blackout

condition at the higher G l(vels and early in the exposure. As a

result, tracking task performance suffered. This can be seen graphically
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(Figure 47) as the subject's eye level blood flow and oressure dropped

off significantly (pulsatile Doppler temporal artery flow velocity)

during a 4.5 G exposure. In summary, the primary task selected for this

research was unaffected by the noise stress but resulted in increasing

errors as acceleration stress was increased. This increase in tracking

error score with increasing acceleration is due to acceleration effects

on eye level blood pressure, vision and, perhaps, the increased weight

of the tracking arm under G.

Secondary Task Performance

By modulating the number of targets presented on the Radar Homing

and Warning display, secondary task difficulty could be varied. Primary

task performance did not significantly degrade as secondary task diffi-

culty was increased, however. Subjects tended to work harder to main-

tain primary task performance as the secondary task difficulty increased;

as reflected in the various workload scores. Stressors, at the levels

subjects were exposed to in this study, had no significant effect on

secondary task performance. Percent targets hit correlated negatively

and significantly with reaction time, whether the stressor was noise or

acceleration. In other words, as the percent targets hit increased,

reaction times decreased; as reaction times increased, the percent

targets hit decreased.

In this research, subjects were instructed to treat the secondary

task as a subsidiary task (Knowles, 1963; O'Donnell & Eggemeier, 1986),

or one in which the subject avoided degraded primary task performance at

the expense of the secondary' task. In this paradigm, the RHAW was not

used to load the primary task, but rather to determine how much
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additional work could be undertaken while the primary tracking task was

being performed. The assumption of this paradigm is that the subject

will shift some of this reserve processing resources from the low to

moderate levels of o eratvr load t. higher levels of workload, thus

exceeding his capability to compensate, resulting in performance decre-

ments (O'Donnell & Eggemeier, 1986).

Primary tracking task error scores, by themselves, did not reflect

the increased workload imposed by the secondary task in this research. .

Use of the secondary task measure, percent targets hit, permitted a more

sensitive analysis of the capacity expenditure than that afforded by the

primary task. One can see from the plots of percent targets hit versus

task difficulty (Figures 25a, 25b) that as secondary task difficulty

increased by the addition of two mo'e targets to process, the percent

targets hit decreased. Although only a maximum of four targets were

used in this research, onQ can see that if this number were increased

and primary task performance was maintained, percent targets hit would

continue to decrease until some level of degraded performance on the

RHAW task was determined (such as 50%).

In summary, the percent targets hit subsidiary task permitted a

more sensitive analysis of the capacity expenditure of the subjects than

that afforded by the primary task, alone.

Secondary Task Reaction Time

Choice reaction time was another secondary task measure employed in

this research. Subjects' reaction times to the two or four targets V

either with or w*thout a primary tracking task were recorded and analyzed.

Reaction time correlated significantly with the other secondary task
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measure, above, percent targets hit. Several interesting observations

about choice reaction times are made.

First, reaction times improved (decreased) as noise levels in-

creased from ambient to 90 dB to 100 dB A-weighted. This improvement

observed in reaction times is attributed to the alerting cue phenomenon

previously discovered by other researchers (e.g. Teichner, 1963).

Secondly, mean reaction times for acceleration exposures were even

lower than those for noise exposures; this improvement may be attributed

to training effects since acceleration exposures followed noise expo-

sures, however, acceleration can also be considered an alerting cue and

subjects may have tried harder under acceleration.

Choice reaction time tasks can be generally assumed to impose

greater central-processing and response selection demands than simple

reaction time tasks, or those which employ one discrete stimulus and one

response (O'Donnell & Eggemeier, 1986). Investioators have found the

P300 latency to be sionificantly and positively correlated with reaction
i

time (Donchin, Kutas, McCarthy, 1976; Gomer, Spicuzza & O'Donnell,

1976). P300 latency correlated positively (+.649) and significantly

(P=.0035) with reaction time during acceleration exposures in this

research; P300 latency correlated negatively (-.116) and not signifi-

cantly (P=.6477) with reaction time during noise exposures. Averaged

together, the three noise conditions resulted in a negative correlation

for reaction time and acceleration. The ambient noise ccndition did not

result in an increase in P300 latency as the items in memory were

increased from 2 to 4 (Figu,'e 31c), however, the 90 and 100 dB A-weighted

noise exposures did result in increases in P300 latency and RT as a
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function of increasing items in memory. The same effect was observed

during the acceleration exposures; baseline acceleration exposures had I

no effect on P300 latency as the items in memory were increased from Z

to 4 (Figure 31d). A lawful relationship, similar to that observed by

previous researchers (Donchin et al., 1976; Gomer et al., 1976), between

reaction time and P300 latency was observed for both 90 and 100 dB noise

(Figure 31c) and 2.75 Gz and 3.75 Gz acceleration (Figure 31d) exposures.

Man-Machine Response Times (MMRT)

MMRTs were also grouped according to the plant dynamics. The 1/S

or velocity plant was much simpler and quicker to drive compared to the

I/S2 or acceleration plant dynamics. MMRTs did not correlate

significantly with any performance or physiologically-based variables

averaged across all subjects and stressors except for tracking error

score. As an indicator of continuous reaction time, MMRT was virtually

unaffected by stressors, and appears to be only marginally effective as

an indicator of mental workload. MMRT did not correlate significantly

with secondary task reaction time for either noise exposures

(correlation = .231, P=.4705) or acceleration exposures

(correlation = .329, P=.2969). In that respect, the MMRT was not a good

index of secondary task performance during this study.

Forearm EMG

Althouoh increasing noise stress had no significant effect on

subjects' tracking forearm muscle EMG STD, acceleration stress increased

EMG STD. Subjects' forearm EMG STDs were significantly higher at the

high G level than at the lo%:er or baseline G levels. EMG STD correlated

significantly with percent targets hit, reaction time, tracking error
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score, P300 latency and amplitude and mean arterial blood pressure

during noise stress exposures; and reaction time, tracking error score

and P300 latency during acceleration exposures. Never seriously recog-

nized as a physiological measure of mental workload, the standard

deviation of the EMG recorded from the brachioradialis muscle (forearm)

of the right tracking arm of the subject proved to be the one variable

that correlated most significantly with the most variables in this

study. The only variable EMG STD did not correlate with significantly

was total eye blinks (P=.5244). Laville & Wisner (1965) reported that

the EMG of neck muscles correlated with subjective stress in a demand-

ing, precise task better than heart rate correlated with stress.

Stackhouse (1976) found EMG signals from the forehead and forearm to be

correlated with workload. Grip pressure on a control stick has also
\t

been found to increase in high workload tracking tasks (Hikok, 1973;

Smith, 1972). Grip pressure, however, can also increase as a function

of the operator's effective gain.

In assessing mental workload, the relatively static tension level

of a muscle not directly involved in task performance is usually moni-

tored (O'Donnell & Eggemeier, 1986). Some operators may tense their

foreheads, neck muscles or other muscle groups while under increased

workload. A general muscle tension factor appears to exist for muscles

in the upper body which means that muscles of the head, neck, shoulder

ana forearm should all be sensitive to activation resulting from various

types of mental wcrk (O'Donnell & Eggemeier, 1986).

The results of this rejearch indicate that if one monitors the EMG

of the principal muscle involved with the visual-motor task being
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performed, the mean standard deviation of that signal during the

performance period (in this study, 60 seconds) may provide valuable

information about both the physical work and mental work the operator is

performing. One possible reason why EMG STD correlated so significantly

with the variables of workload in this study is that when the STD was

large, the muscle was being used more actively. When the forearm muscle

was active, the subject was either tracking the difficult-to-control

I/S2 plant or was performing the dual task, which required a thumb

action as well as hand movement for tracking. It was during these I/S

combinations and dual tasks that the subjects' workload variables

increased. Logically, if the increases in EMG STD tracked increases in

the other variables as a tunction of task difficulty, EMG STD should

have correlated with many of the variables. The EMG was measurinq

physical activity and not mental load in its application here, but it

was more than a coincidence that this measure of physical activity

correlated so well with the other "mental" workload measures. The

significant finding, however, was not that the EMG STD correlated with

so many of the workload variables but that it did so at significant

levels (P=.05).

During those combinations where minor stick deflection was re-

quired, such as the 1/S plant combinations or the secondary task-alone

combinations, there was not as much forearm muscle activity. These were

the combinations that were judged to be less demanding in terms of

subjective workload and both the performance and physiolocically-based

variables were in agreement. As a result, the EMG STDs were smaller for

these combinations and accurately tracked these other variables as a
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function of task difficulty. This finding warrants further investiga-

tion and could be investigated by monitoring pilots, factory workers on

assembly lines, secretaries, computer terminal operators, to name a few.

Those operators, such as Flight Controllers, who perform no overt manual

task with their duties would not be candidates for such an investiga-

tion.

Mean Arterial Blood Pressure (MAP)

Mean arterial blood pressures were recorded during the noise

exposures, only. MAP tended to increase as a function of task diffi-

culty and/or noise stress. MAP correlated significantly with heart

rate, EMG STD and blink duration. Heart rate covaried with MAP during

this study; in general, when the performance task caused increased

mental workload the heart rate increased and blood pressure (MAP)

increased. It is assumed that the stress caused an increase in the

release of adrenalin which, in turn, increased the heart rate and blood

pressure.

Temporal Artery Flow Velocity & Arterial Oxyqen Saturation

The percent Doppler temporal artery flow velocity dnd arterial

oxygen saturation (SaO 2 ) were two additional physiological variables

recorded during acceleration exposures. The Doppler signal provided a

means for obtaining an objective measure of acceleration stress on the

subject (Table 17). When the blood flow velocity in the temporal artery

decreased, as monitored by the Doppler device, mean eye level blood

pressure was reduced and the centrifuge subject lost peripheral vision

or, sometimes, central visiun. The utility of the Doppler temporal

;rtery blood flow velocity monitorinq device in acceleration research
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has been demonstrated previously (Crosbie, 1984; Krutz, 1973; Rossitano,

1973, 1974).

Relationships Among the Workload Measures

There were some common ties among the workload measures observed

during this research. One can review the Spearman Correlation Coeffi-

cients and associated P-values and select those measures which were

significantly correlated with each other.

Increases in SWAT scores, primary tracking error scores, heart

rate, total eye blinks, P300 latency and amplitude and EMG STD were

observed as acceleration stress increased from baseline to 2.75 to

3.75 G,. Eye blink durations and percent targets hit on the secondary

task decreased with increasing acceleration. In terms of the workload

measures tracking with one another, during acceleration exposures, when

workload was high (as indicated by SWAT scores, for example), tracking

error scores, heart rate, total eye blinks, P300 latency and amplitude

and the EMG STD were all high. Eye blink duration decreased as did

percent hits on the secondary task during acceleratiGn exposures.

When workload was increased under nuise eyposurt=, P2V amplitude

and latency slightly decreased, as did secondary task reaction time,

man-machine response time and eye blink duration. Mean arterial blood

pressure and EMG STD were slightly elevated under high noise stress.

Although some of these measures' increases and decreases were not

statistically significant, they did represent trends in the results and

are depicted graphically in Figures 9a-21. The two stressors imposed

different levels of workloaJ on the subjects although some of the

measures followed the same trend, whether the stressor was acceleration
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or noise.

SWAT, eye blink duration and the EMG STD all followed the same

trend as a function of increasing stressor. SWAT and EMG STD increased

as the stressor level was increased and blink durations decreased.

Opposite trend effects were observed in P300 amplitude and latency; P300

amplitudes and latencies decreased as a function of increasing noise

stress but increased as a function of increasing acceleraiton. Because

these changes were not statistically significant, further investigation

of this phenomenon is warranted before offering an explanation. None of

the measures demonstrated opposite effects under one stressor as com-

pared to the other stressor.

In summary, there were logical ties observed among the workload

measures. When the workload increased, as indicated by increasing task

difficulty, tracking error scores increased, percent targets hit on the

secondary task fell, reaction times to the secondary task increased and

man-machine response times increased. Physiological measures tracked as .

well; as the task difficulty was increased, heart rates increased, total

eye blinks decreased, eye blink durations decreased and EMG STD in-

creased. P300 latencies and amplitudes increased, especially for the

addition of two or four targets to the 1/S2 acceleration plant tasks.

These trends are depicted graphically in Figures 23a-35.

In reviewing these 95; confidence intervals, one notices that the

measures tracked well with each other, whether the stressor was noise or

acceleration. Two exceptions were P300 amplitude and eye blink duration

exposures under noise exposures. The reason why these were different is

probably due to recording and analyzing techniques and to the effects of
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acceleration on vision rather than due to any unique characteristic of

the measure (such as insensitivity in the acceleraiton environment).

Selecting the Best Workload Measures

The principal objective of this research was to assess the effect

of noise and acceleration stress on human operator workload and

performance. Of interest was to find which measure or measures worked

best in the stressor environment; any follow-on or future workload

research in noise, acceleration, vibration heat, cold or other

environments would be able to capitalize on the results from this work.

One conclusion of this research is that none of the thirteen

workload measures investigated, alone, completely depicted the workload

imposed by the stressor by the increasing task ,_f;culty. Primary

tracking task error scores were virtually unaffected by increasing

stressor, but the secondary task measures (percent targets hit and

reaction time) reflected significant changes as the workload increased.

When evaluated together, these behavior or performance-based measures

can provide insight about the effect of the stressor or task difficulty

on the subject's workload.

Likewise, the array of physiological variables, when analyzed

together, provided a more detailed description of the imposed workload
S

than any one single physiological measure. Eye-related factors demon-

strated general workload effects; total eye blinks decreased for the .

dual tasks and increased for the simple, secondary task-only combin- Or

ations. Blink durations, evaluated alono side total eye blinks, pro-

vided no more specific insight, however, into the total eye blink data. %

P300 latency and amplitude as well as EMG STD data provided more de-
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tailed information about the different levels of workload imposed by the

different tasks. One can see that as the secondary task was added to

the I/S or acceleration plant task, P300 amplitudes and latencies as

well as the EMG STD increased (Figures 31a,b; 32 a,b; 33a,b). In this a.,.

research, the P300 measures and EMG STD were sensitive to changes in the

performance tasks and demonstrated potential utility as more specific

physiological measures of workload than heart rate and eye related
S

factors, for example. Although heart rate increased as a function of

increasing task difficulty, one could not distinguish differences in

workload between tasks within a plant (1/S or I/S 2 ) by inspecting heart

rate data. The P300 latency and amplitude and EMG STE were the physio-

logical measures observed within the framework of this research which

offered promise as workload measures which were sensitive to changes in

task difficulty.

Mean SWAT scores, the subjective workload measure, changed with

each level of stressor and with each level of task difficulty. Accord-

ing to this subjective measure, increasing noise or acceleraiton stress

increased mental workload. Other measures, such as primary tracking

task error score, man-machine response times, heart rate, eye blinks and

blink duration did not always reflect the same changes in workloa6 as

did SWAT. SWAT was sensitive to increasing task difficulty within a

plant condition like the P300 and EMG STD, and reflected increased

workload with higher SWAT scores.

In summary, there is no one single measure that captures the entire

essence of workload associated with a performance task. The multi-

dimensional nature of workload demands that multiple measures be used to
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cover the entire construct (Wilson and O'Donnell, 1988). The results of

this research confirm the multiple measures approach to workload assess-

ment. SWAT was able to distinguish differences in workload associated

with the stressor levels and performance tasks in this research.

Primary tracking task error scores, in themselves, offered no specific

insight into differences between the tasks; however, when evaluated in

conjunction with secondary task measures (percent targets hit and

reaction time), primary and secondary task measures together prov'dea a

more detailed explanation of the workload. Likewise, several of the

physiological measures including heart rate, totdl eye blinks and eye

blink duration could not, in themselves, describe the subtle differences

in workload imposed by the stressors or performance tasks. However,

when these measures were evaluated in conjunction with P300 latency and

amplitude data and EMG STD results, a more detailed explanation of the

effect of stressor or task difficulty or stressor on workload could be

developed.
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VII. CONCLUSIONS AND RECOMMENDATIONS

The objective of this research was to assess the effect of high

intensity noise stress or sustained acceleration on human operator

workload and performance. Noise stress significantly increased

subjective mental workload (SWAT scores) as well as mean arterial blood

pressures and reduced subjects' reaction times to targets, but had no

significant effect on primary tracking error scores, percent hits on the

secondary task, or any of the other physiological measures.

Acceleration stress significantly increased SWAT scores, primary

tracking error scores, heart rate and total eye blinks as well as the >

standard deviation of the tracking forearm EMG. The biodynamic stressors'

effects on subjective mental workload were reflected in the SWAT rat-

ings. Although the mental effort and time load components of the SWAT

increased both as a function of increasing stressor and task difficulty,

it was the psychological stress component of the three-dimensional

measure that increased the most. Subjects tended to reflect the effect

f increasing stressor levels on their subjective mental load in the 0

psychological stress component; increasing task difficulty, on the other i

I

hand, was reflected in the mental effort SWAT component,..

No single metric completely captured the essence of workload

associated with the performance tasks in this research. SWAT scores

distinguished differences in workload between tasks, but gave an
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inflated effect of noise or acceleration on workload, compared to the

other measures. Primary tracking error scores, in and of themselves,

provided little insight into the workload imposed by the stressors or

task difficulty. However, when this performance measure was coupled

with secondary task measures (percent targets hit and reaction time),

more insight into the impact of the dual task on workload was afforded.

Physiological workload measures, when evaluated as an ensemble, also

provided more insight into the imposed workload than that provided by

one measure; P300 latencies and amplitudes as well as the tracking

forearm EMG standard deviation were sensitive to the changes in task

difficulty and reflected significant increases as a function of increas-

ing difficulty.

P300 latencies and amplitudes were unaffected by increased noise or

acceleration levels. P300 latencies and amplitudes increased as a

function of task difficulty, especially when subjects performed the dual

task. P300 latency increases parallelled secondary task reaction time

increases for subjects responding to two and four targets, which

supports the theory that P300 latency is a reliable indicator of the

amount of time a subject takes in evaluating a stimulus.

Heart rates increased as a function of increasing acceleration
I

stress but were unaffected by noise stress. Increasing task difficulty
caused subjects' heart rates to increase. Heart rates did not change

significantly between tasks in this research, and as a result, the heart X

rate measure for workload was not sensitive enough to distinguish

differences in workload between the tasks.

As indices of mental workload, total eye blinks and blink duration
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were only marginally effective in describing the workload imposed by the

stressor or by increasing task difficulty. Because of the physiological

effects of high G on vision, use of these indices for evaluating mental

workload under sustained acceleration may be less effective as it may be

difficult to separate the effects of acceleration on vision from the

effects of cognitive load on vision. The results of this research

reinforce the concept that because of the multi-dimensional nature of

workload, multiple resources must be used to cover the entire construct.

Biodynamic stressors such as noise and acceleration can increase

operator workload. Other factors including heat, cold, vibration and

fatigue must also increase workload. Future studies would include

evaluating the effect of these other stressors (heat, cold, vibration,

etc) on workload. The effect of combinations of these stressors on

workload would also be of interest. Higher stressor or task demand

levels should also be investigated. By tracking the workload measures

in a stressor environment that resulted in a performance breakdown or in

a performance task that imposed too much workload for subjects to

perform, one could develop a better understanding about the utility of

subjective, performance and physiological measures in predicting

workload. Workload measures could he tracked from baseline to redline

(danger) regions of stressor or in which the subject is being evaluated.

Changes in the workload measures across the entire spectrum (baseline to

redline) could then be evaluated and compared with one another in order

to develop an array of measures which were sensitive to the performance

breakdown. Such research woild lead to a better understanding of how

subjective, performance and physiological methodologies characterize

and, perhaps, predict mental workload in human operators.

93



REFERENCES

Albery, WB, Ward, SL, and Gill, RT. 1985. The Effect of Acceleration
Stress on Human Workload, AAMRL-TR-85-039, Wright-Patterson Air
Force Base, Ohio

Beck, E 1975. Electrophysiology and Behavior; in M.R. Rosenzweig &
L.W. Porter (Eds.), Annual Review of Psychology, 26, 233-262.

Beideman, L and Stern, J. 1977. Aspects of the Eyeblink During
Simulated Driving as a Function of Alcohol. Human Fartors
19(1):73-77.

Beljan, J, Rosenblatt, L, Hetherington, N, Lyman, J, Flaim, S, Dale, G
and Holley, D. 1972. Human Performance in the Aviation S
Environment. Contract Report NAS2-6657.

Bell, P. 1978. Effects of Noise and Heat Stress on Primary and
Subsidiary Task Performance. Human Factors 20(6):749-752.

Blackwell, P and Belt, J. 1971. Effect of Differential Levels of
Ambient Noise on Vigilance Performance. Perceptual Motor Skills,
32:734.

Blitz, P., Hoogstraten, J., Mulder, G. 1970. Mental load, heart rate
and heart rate variability. Psych. Forsch, 33, 277-288.

Broadbent, D and Gregory, M. 1965. Effects of Noise and of Signal
Rate Upon Vigilance Analyzed by Means of Decision Theory.
Human Factors 7:155-162.

Burton, R and Shaffstall, R. 1980. Human Tolerance to Aerial Combat
Maneuvers, Aviation, Space and Environmental Medicine, 51(7):
641-648

Canfield, AA, Comrey, AL and Wilson, RC. 1948. The Effect of Increased
Positive Radial Acceleration upon Human Abilities (Part II:
Perceptual Speed Ability), University of Southern California,
Psychology Department, Report No. R.R. 4.

Canfield, AA, Comrey, AL and Wilson, RC. 1949. Study of Reaction Time
to Light and Sound as Related to Increased Positive Radial "-L

Acceleration, J. Aviation Med. 20:350-355.

Canfield, AA, Comrey, AL, Wilson, RC and Zimmerman, WS. 1950. The
Effect of Increased Positive Radial Acceleration Upon
Discrimination Reaction Time, J. Exper. Psychol. 40:733-737.

Carter, LA and Wolstad, J. 1985. Repeated Measures of Spatial Ability
with the Manikin Test. Human Factors 27:209-219.

94

MWOMS



P

Chambers, RM. 1961. Control Performance Under Acceleration with
Side-Arm Attitude Controllers, Tech. Rpt NADC-MA-6110, AMAL, U.S.
Naval Air Development Center, Johnsville PA.

Chambers, RM. 1963. Operator Performance in Acceleration Environments.
In Burns, NM, Chambers, RM, and Hendler, E (eds.) Unusual
Environments and Human Behavior, pp. 193-319. New York: The Free
Press of Glencoe.

Chambers, RM and Hitchcock, L, Jr. 1963. Effects of Acceleration on
Pilot Performance. Technical Report NADC-MA-6219, AMAL, U.S. Naval
Air Development Center, Johnsville PA.

Collyer, S. 1973. Testing Psychomotor Performance During Sustained
Acceleration, AD-784936, USAF SAM-TR-73-52. 0

Creer, BY. 1962. Impedance of Sustained Acceleration on Certain Pilot
Performance Capabilities, Aerospace Med. 33:1086-1093.

Crosbie, RJ. 1984. Analysis of the Transient Response of Temporal
Artery Blood Flow Data Relative to Various Anti-G Suit Pressure
Schedules, NADC-84143-60, Naval Air Development Center.

Daniel, W. 1983. Biostatistics: A Foundation for Analysis in the
Health Sciences, John Wiley and Sons, New York

Donchin, E and Lindsley, OB. 1965. Cortical Evoked Potentials and
Reaction Times. Electroencephalography and Clinical
Neurophysiology. 18, 523. Abstract.

Donchin, E and Lindsley, DB. 1966. Average Evoked Potentials and
Reaction Times to Visual Stimuli. Electroencephaloaraphy and
Clinical Neurophysiology. 20, 217-223.

Donchin, E, Kutas, M, McCarthy, G. 1976. Electrocortical Indices of
hemispheric utilization. In S. Harnad et al. (Eds.),
Lateralization in the Nervous System. New York: Academic Press.

Donchin, E. 1979. Event-Related Brain Potentials: A Tool in the Study _
of Human Information Processing. In H. Begleiter (Ed.), Evoked
Potentials and Behavior.. New York, Plenum

Duffy, E. 1962. Activation and Behavior. New York: Wiley

Finkelman, J and Glass, D. 1970. Reappraisal of the Relationship
Between Noise and Human Performance by Means of a Subsidiary Task
Measure. J. of Applied Psych. 54:211-213.

Frankenhaeuser, M. 1945. Effects of Prolonged Gravitational Stress or
Performance. ACTA Psychologica, 104, 10-11.

Gillingham, K. 1974. Effects of the Abnormal Acceleratory Environment
of Flight, USAFSAM-TR-74-57, AD-AO09593. A

95



Gillingham, K, Plentzas, S, Lewis, N. 1985. G environments of F-4, F-15
and F-16 aircraft during F-15 tactics development and evaluation.
USAFSAM-TR-85-51.

Gomner, F., Spicuzza, R., O'Donnell, R. 1976. Evoked Potential
Correlates of visual item recognition during memory-scanning tasks.
Physiological Psychology, 4, 61-65.

Gopher, D and Donchin, E. 1986. Workload - An Examination of the
Concept, in: K.R. Boff, L. Kaufman and J.P. Thomas (Eds.)
Handbook of Perception and Human Performance, Vol 2: Cognitive
Processes and Performance, New York, Wiley Interscience.

Grether, WF. 1971. Acceleration and Human Performance.
AFAMRL-TR-71-22, Wright-Patterson Air Force Base, Ohio.

Grimaldi, J. 1958. Sensorimotor Performance Under Varying Noise
Conditions. Ergonomics 2:34-43.

Gunn, C., Wolf, S., Block, R & Person, R., 1972. Psychophysiology of
the Cardiovascular System. In N.S. Greenfield and R.A. Sternback
(Eds.), Handbook of Psychophysiology. New York: Holt, Rinehart &
Winston.

Hallenbeck, GA. 1946. Design and Use of Anti-G Suits and Their
Activating Valves in World War II, USAF. Wright-Patterson Air
Force Base, Dayton, Ohio, Report No. 5433.

Hamilton, P and Copeman, A. 1970. The Effect of Alcohol and Noise on
Components of a Tracking and Monitoring Task. Br. J. Psychol.
61(2):149-156.

Hasbrook, A., Rasmussen, P., 1970. Pilot heart rate during in-flight
simulated instrument approaches in a general aviation aircraft.
Office of Aviation Medicine, Civil Aeromedical !nstitute, Oklahoma
City, NTIS AD-711268. ,.

Hille, H. 1979. F-16A Flight Crew Noise, in the USAF Bioenvironmental
Noise Data Handbook, AMRL-TP-75-50, Vol 117.

Hikok, JR. 1973. Grip Pressure as a Measure of Task Difficulty in
Compensatory Tracking Tasks. Master's thesis, Naval Postgraduate
School, Monterey, CA. .

Jasper, H. 1958. The Ten-Twenty Electrode System of the International
Federation. Electroencephalography and Clinical Neurophysiology
10, 371-375.

Jerison, HJ. 1963. On the Decrement Function in Human Vigilance. In
Vigilance: A Symposium, Buckner & McGrath (Eds), pp 199-216, ,
New York, McGraw Hill.

96

IF



Jex, H. 1976. A proposed set of standardized subcritical tasks for
tracking workload calibration. In N. Moray (ed.), Mental Workload.
New York, Plenum.

Jex, H, Alben, R. 1970. Research on a new human dynamic response test
battery. Part II. Psychophysiological correlates. Proceedings on
the Sixth Annual NASA University Conference on Manual Control,
Wright-Patterson AFB, OH.

Johanssen, G, Moray, N. Pew, R, Rasmussen, J, Sanders, A, Wickens, C.
1979. Final report of the experimental psychology group in: N.
Moray (Ed.), Mental Workload: Its Theory and Measurement. New
York, Plenum.

Kalsbeek, J. 1968. Measurement of mental workload and of acceptable
load: Possible applications in industry. International Journal of
Production Research, 7, 33-45.

Kalsbeek, J. 1973. Do you believe in sinus arrhythmia? Ergonomics, 16,
99-104.

Kalsbeek, J. and Ettema, J. 1963. Continuous recording of heart rate
and the measurement of perceptual load. Ergonomics, 6, 306-307.
(Abstract)

Kalsbeek, J. and Ettema,J. 1968. L'arythmie sinusale comme measure de
la charge mentale. (Sinus arrhythmia as a measure of mental load.) p
Actes du Troisieme Congres de la Societe d'Ergonomie de Langue
Francaise, Bruxelles: Presses Universitaires de Bruxelles, 1968,
251-258.

Kantowitz, B. 1985. Channels and Stages in Human Information
Processing: A Limited Analysis of Theory and methodology.
J. of Math. Psychol., 29, 135-174.

Karlin, L, Martz, MJ, Brauth, E, and Mordkoff, AM. 1971. Auditory
Evoked Potentials, Motor Potentials and Reaction Time.
Electroencephaloqraphy and Clinical Neurophysiology. 31, 129-136.

Karlin, L, Martz, MJ, and Mordkoff, AM. 1970. Motor Performance and
Sensory-Evoked Potentials. Electroencephalography and Clinical
Neurophysiology. 28, 307-313.

Kennard, DW and Glaser, Gh. 1964. An Analysis of Eyelid Movements.
Journal of Nervous and Mental Diseases, 139, 31-48.

Kerr, WK and Russell, WAM. 1944. Effects of Positive Acceleration in 4

the Centrifuge and in Aircraft on Functions of th, ZiiLral Nervous
System, Canada. Natioral Research Council, Report No. C2719.

Knowles, W. 1963. Operator Loading Tasks. Human Factors, 5, 151-161.

:97

.. ..V. ... . . . .. , .. . .. ,. .. ... ..,. ..*.-. ..



Koelega, HS. 1986. Noise and Vigilance: An Evaluative Review.
Human Factors 28(4), 465-481.

Kryter, KD. The Effects of Noise on Man. 1970. Academic Press, New
York and London.

Krutz, RW. 1973. Correlation of Eye-Level Blood Flow Velocity and
Blood Pressure During +Gz Acceleration, USAF SAM-TR-73-36.

Krzanowski, W and Nicholson, A. 1972. Analysis of Pilot Assessment of
Workload, Aerospace Medicine, 43(9): 993-997

Kutas, M. McCarthy, G, Donchin, E., 1977. Augmenting mental
chronometry: The P300 as a measure of stimulus evaluation time.
Science, 197, 792-795. S

Laville, A. and Wisner, A. 1965. Etude Electromyographique des Muscles
de la Nuque au coura d'une Tache de Precision (An Electromyographic
study of the neck muscles during a precision task). Journal de
Physiologic, 57, 260.

Lawson, R. 1948. Blinking: It's Role in Physical Measurement.
Nature, 161, 154-157.

Lisher, BJ and Glaister, DH. 1978. The Effect of Acceleration and
Seatback Angle on Performance of a Reaction Time Task, FPRC Report
No. 1364, Flying Personnel Research Committee, Ministry of Defense
(Air Force Department), London.

Little, VZ, Hartman, BO, Leverett, SD. 1968. Effects of Acceleration
on Human Performance and Physiology, with Special Reference to
Transverse G, USAFSAM, Review 4-62.

Loose, DR, McElreath, KW, Potor, G. Jr. 1976. Effects of Direct Side
Force Control on Pilot Tracking Performance, AFAMRL-TR-76-87,
Wright-Patterson AFB, Ohio.

Malmo, R. 1969. Activation: A Neurophysiological Dimension.

Psychological Review, 66, 367-386. .

Marriott, H. and Fogg, E. 1970. Constant monitoring for cardiac dysrhy-
thmias and blocks. Modern Concepts in Cardiovascular Disease, 39,
p103.

McCann, PH. 1969. The Effects of Ambient Noise on Vigilance
Performance. Human Factors 11(3):251-256.

Mulder, G. 1979. Sinus arythmia and mental workload. In N. Moray (Ed.)
Mental Workload: Its Theory and Measurement. New York, Plenum.

Navon, D and Gopher, D. 1979. On the Economy of the Human Processing
System. Psychological Review 86:214-255.

98



Norman, D and Bobrow, D. 1975. On Data Limited and Resource Limited
Processing, J. of Cognitive Processing, Z, 44-60.

Obrist, P. 1963. Cardiovascular differentation of sensory stimuli,
Psychosomatic Medicine, 25, 450-459.

Obrist, P. 1976. The cardiovascular-behavioral interaction as it
appears today. Psychophysiology, 13, 95-107.

O'Donnell, R. 1978. Contributions of Psychophysiological Techniques to
Aircraft Design and Other Operational Problems, AGARDograph No.
244, AGARD-AG-244.

O'Donnell, R. 1983. Psychophysiological Monitoring of Workload, in
Preprints of 1983 Annual Scientific Meeting of the Aerospace
Medicine Association, ISSN 0065-3764, p 257.

O'Donnell, R, Eggemeier, T. 1986. Workload Assessment Methodology,
Handbook of Perception and Human Performance, Vol II., John Wiley
and Sons.

Oster, P, Stern, J. 1980. Measurement of Eye Movement;
Electrooculography. In I. Martin and P.H. Venables (Eds.)
Techniques in Psychophysiology. New York: Wiley.

Perez, W. 1986. Performanc e Metrics for Use Under Sustained G
Acceleration: Review and Recommendations, Unpublished Rep~rt,
Systems Research Laboratories, Inc., Dayton, OH.

Pew, R. 1979. Human perceptual motor performance. In B.H. Kantowitz
(Ed.) Human Information Processing: Tutorials in Performace and
Coanition. New York, Erlbaum

Piranian, AG. 1982. The Effects of Sustained Acceleration, Airframe
Buffet and Aircraft Flying Qualities on Tracking Performance. AIAA r
Workshop on Pilot Workload and Cynamics, Edwards AFB, CA.

Poulton, EC and Chin, B. 1970. Environment and Human Efficiency.
Charles C. Thomas, Springfield.

Qiyan, J, Xu, Z. 1986. Comprehensive Workload Assessment of Operator
in Man-Machine Environment Systems, Proceedings of the XXXIV
International Congress of Aviation and Space Medicine, Belgrade,
Yuccslavia.

Reid, G, Shingledecker, C, Nygren, T, Eggemeier, F. 1981. Development
of Multidimensional Subjective Measures of Workload, Proc of the
IEEE International Conference on Cybernetics and Society, 403-406.

Reid, G., Potter, S. Bressler, J. 1988. Subjective Workload Assessment
Technique (SWAT): A User's Guide. AAMRL-TR-88-XX (in press).

99 N

- ~.-. . .. . . .P,.r



Reid, G and Nygren, T. 1988. SWAT - The Subjective Workload Assessment
Technique: A New Scaling Procedure for Measuring Mental Workload.
In Human Mental Workload, Meshkati and Hancock (Eds.),
North-Holland.

Regan, 0. 1972. Evoked Potential in Psychology, Sensory Physiology,
and Clinical Medicine. London.

Repperger, DW, Ward, SL, Hartzell, EJ, Glass, BC, Summers, WC. 1979.
An Alcorithm to Ascertain Critical Regions of Human Tracking
Ability. IEEE Transactions on Systems, Man and Cybernetics.

Repperger, DW, Rogers, DB, Frazier, JW, and Hudson, KE. 1984. A Task
Difficulty G-Stress Experiment, Ergonomics, 27:161-176.

Rogers, D. 1973. Effect of Modified Seat Angle on Air-to-Air Weapon
System Performance Under High Acceleration. USAF-AMRL-TR-73-5.

Rossitano, SA. 1973. Noninvasive Determination of Retrograde Eye-level
Blood Flow as a G Tolerance Indicator, Proceedings of the
Aerospace Medicini Assoc., May

Rossitano, SA. 1974. Relationship between Temporal Artery Flow
Velocity and Subjective +G Tolerance, Proceedings of the Aerospace
Medicine Assoc., May z

Schiflett, SG. 1980. Evaluation of a Pilot Workload Device to Test
Alternate Display Formats and Control Handling Qualities,
NATC-SY-33R-80.

Sheridan, T. 1980. Mental workload - what is it? Why bother with it?
Human Factors Society Bulletin, 23, 1-2.

Shingledecker, C. 1983. Behavioral and subjective workload metrics for N
operational environments. Proceedings of the AGARD (AMP) symposium
Sustained Intensive Air Operations: Physiological and Performance
Aspects (AGARD-CP-388).

Singleton, W, Fox, J, Whitfield, D. (Eds.). 1973. Measurements of Man
at Work, London, Taylor & Frances.

Smith, WS. 1972. Effects of Neuromuscular Tension in the Use of an
Isometric Hand Controller. Monterey, CA, U.S.N. Postgraduate
School, Master's Thesis.

Spyker, D, Stackhouse, S, Khalafalla, A, McLane, R. 1971. Development
of techniques for measuring pilot workload (Report No. NASA
CR-1888). Washington, D.C.: National Aeronautics ind Astronautics
Space Administration.

Stackhouse, S. 1973. Workload evaluation of LLNO display. Honeywell,
Minneapolis, MN, Rpt. 7201-3408.

100

_ . . . . . . .. . . . . . .. . . ... ... . . .. . .. .. . . . .. .. I -.



Stackhouse, S. 1976. The Measurement of Pilot Workload in Manual
Control Systems, Minneapolis, MN, Honeywell, F0398 FRI. I

Teichner, WH, Arees, E, and Reilly, R. 1963. Noise and Human
Performance, A Psychological Approach. Ergonomics 6(1):83-97.

Teichner, WH, Olson, D. 1971. A Preliminary Theory of the Effects of
Task and Environmental Factors on Human Performance, Human Factors,
13(4), 295-344.

Warrick, MJ and Lund, DW. 1946. Effect of Moderate Positive
Acceleration (G) on the Ability to Read Aircraft-Type Instrument
Dials, USAF. Wright-Patterson Air Force Base, Dayton, Ohio. Memo
Rep. TSEAA 694-10. I

Wickpns, CD. 1976. The Effects of Divided Attention or Information
Processing in Manual Tracking, Journal of Experimental Psychology:
Human Perception and Performance, 2:1-13.

Wickens, CD, Kramer, A, Vanasse, L, and Donchin, E. 1983. Performance
of Concurrent Tasks: A Psychophysical Analysis of the Reciprocity
of Information - Processing Resources, Science, 221, 1080-82.

Wickens, CD. 1984. Processing Resources in Attention. In
R. Parasuraman and R. Davies (Eds.), Varieties of Attention. New
York: Academic Press.

Williges, R, Wierwille, W. 1979. Behavioral measures of aircrew mental
workload, Human Factors, 21, 549-574.

Wilson, G., O'Donnell, R. 1988. Measurement of operator workload with
the neuropsychological workload test battery, io human Mental
Workload, Meshkati and Hancock (Eds:), North-Holland.

101

. . -- - " '¢ - ; ' -" . - .



APPENDIX A

Body Axes Accelerations: Summary

There is no commonly accepted coordinate system used by physicists,

engineers, acceleration physiologists and vestibular physiologists for

describing accelerations and inertial reactions in man. Nomenclature

for inertial forces acting in humans has somewhat more commonality than

does the acceleration nomenclature. The positive directions of the axes

used for describing G forces are illustrated in Figure AIB. The

relation of these axes follows a backward, inverted riobt-hand rule.

Another useful set of terms for describing reactive forces comprises the

"eye-balls" nomenclature: in this system, the direction of the inertial

reaction of the eyeballs when the head is subjected to in acceleration

is used to describe the direction of the inertial force. Table Al

summarizes the majority of terms used in describing directions of linear

accelerations and gravitoinertial forces acting on man and relates these

accelerations (Gillingham, 1974).
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Table Al. Equivalent Terms for Directions of Linear
Accelerations and Gravitoinertial Forces (from Gillingham, 1974)

Acceleration Gravitoinertial Force Related Aircraft
Motions
+az +Gz Level Flight
Headward Footward Coordinated Turn

Posit ve Pull-up from Dive
Eyeballs-down "Inside" maneuvers

-az -Gz Inverted Flight
Footward Headward Push-over into Dive

Negative "Outside" maneuvers

+ax +Gx Increasing forward
velocity Backward
Forward Positive Transverse (e.g., application of

Chest-to-Back afterburner)
Supine Steep Climb
Eyeballs-in

-ax -Gx Decreasing forward
velocity Forward (e..g., applicaticn of
Backward Negative Transverse speed brakes)

Back-to-Chest
Prone Steep Dive
Eyeballs-out

-ay +Gy Left Slip
To Right To Left Left Skid

Left Lateral
Eyeballs-Left

Say -Gy Right Slip
To Left To Right Right Skid

Right Lateral
Eyeballs-Right
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A B
PHYSIOLOGICAL ACCELERAU0N PHYSIOLOGICAL REACTION

NOMENCLATURE NONCLTURE

*43

ANATOMICAL Ax y.z ANATOMICAL AXES z.y.z

iGs

LAR ACCELRATION a. ay, z NL uCTIN Gil. 6 z

jAMMLU ACMELIRATION at.vy. I AWI4AR RUCTIN R1.2y. Rz

Figures AIA (left) and AIB (right). System for describing

acrelerations and inertial reactions In man
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Appendix B

Derivation of Reaction Time Measures (Reference Repperger et al., 1979)

It is desired to develop a measure of equivalent reaction time based on a
tracking task of a continuous nature. The tracking task consists of a dis-

play of the comensatory error (the difference between a target task and

the output of the system being controlled). This differs from a pursuit

display error consisting of the target and the system output being dis-
played separately. The subject manipulates a stick controller in the pitch
axis. The data required at each time sample (1/25 of a second) are the
compensatory error signal e(t) and the error rate ;(t). A phase plane plot
of e(t) versus (t) would appear as in Figure B-i. S

M e~t)

t2

Figure B 1. A Phase Plane Plot Figure B 2. The Time History Plot
of e(t) versus 6(t') of e(t) versus t

At time t1 the error e(tl) is positive and e(tl) becomes negative. This

continues until time t2 when e(t2) z 0 and (t2) is a large negative
value. At time t3, e(t3) is a large negative value with (t3) approxi-
mate = 0. As time progresses to t4 , e(t4) = 0 but 6(t4) is a large posi-
tive value. At t = t5, e(tS) is again a large positive value with (t5 )

again going through zero. The cycle is then repeated.

To relate this tracking task to an equivalent reaction time, the classical

measure of reaction time is the time It takes to make an error signal go
from an initial value to zero. With reference to Figures B-I and U-2, this
would be 1/4 of the cycle time. Let T = the total time for the compensa-

tory error signal td complete one circle in the phase plane. Then

T = (t2  - ti) + (t3  - t2 )  + (t4  - t3 ) * (t5  - t4 )

or T = t5  - t%

Then an equivalent reaction tI me Could be detIlned for this proulem as:

Teq z 1/4T /4[Et 5 -tl]

1 0 5r
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The equivalent reaction time will be used as a dependent variable to assess

the difficulty of the five forcing functions and three plants used. The

ANOVA tests can be made with respect to Table B-1.

Forcing Functions fl f2 f3  f4 f5

PI TIl T12  T14 T15

Plants. P2  T21 T22 T23  T24  T25

P3  T31 T32 T33  T34  T35

'Table B 1. Table of Equivalent T Values for Plants and Forcing Functions

To test for difficulty of the forcing functions, a comparison is made

across the fi values for a fixed plant. This answers the question "Does

Teq change as fi increased?" To answer the question of Teq changing as 4

function of plant for a fixed fi, an analysis is conducted down a column

(across plants and for a fixed fi value).

The traditional speed accuracy analyses that occur can be handled with Fig-

ures B-I and 8-2. A highly accurate response occurs when the amplitude of %

e(t) in Figure 8-2 is small. In Figure B-i this is equivalent to a circle

of very small diameter. In general, Teq will be much longer for this

accurate tracking. For the cases of less accurate tracking, the amplitude

of e(t) in Figure 8-2 would be larger and the diameter of the circle of 6

Figure B-I would be larger. This would occur for smaller values of Teq.

Figure B-3 illustrates a speed accuracy trade-off using this phase plane

analysis: _

Diameter 2 -- Fast, Inaccurate Response 4
Less
Accurate
Tracking I Figure B J. The

Diameter of r aSpeed- cu r
Circle inMore Figure 1 %

Accurate F e
Tracking

Diameter I S-----low, Accurate Response

0 T T T

eq1  eq2  eq

The closed-loop control system that the subjects use in tracking is shown

in Figure B 4 In the research described herein, subjects tracked with

either a velocity (1/S) or acceleration (1/S2) plant.
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APPENDIX C

Data Recording and Analysis on the NWTB

Four of the physiological signals analyzed in this research were ,"

recorded on the Neurological Workload Test Battery or NWTB (Figure C).

The NWTB is an electronic strip chart recorder and computer-based

analysis tool developed for the Workload and Ergonomics Branch of the

Human Engineering Division of the Armstrong Aerospace Medical Research

Laboratory. The NWTB takes amplified physiological signals and records

these signals in 10 second blocks of digitized information. A series of

.10 second blocks can be recorded in order to capture a 60 second

exposure, for example. In this research, 5-ten second blocks were

recorded for each 60 second exposure; the last ten seconds were not

recorded or analyzed. The secondary task was not presented during the

last five seconds of each dual task trial in order to preclude the

possibility of the subject not responding in time to the target before

the task ended. After calibrating the NWTB to the amplifiers used in

the study, the NWTB was placed in the RECORD mode for each subject's

data collection. Several trial exposures were recorded and analyzed

prior to actual data collection in order to assure the data were being

recorded properly and that all of the electrodes were placed correctly.

Dati collection began concurrently with the onset of the tracking

problem. The NWTB operator observed the closed-circuit TV monitor at

the NWTB station; each trial was preceded by a 15 second countdown to
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the start of the next trial. Subject data were recorded as files and I

numbered according to the combination attempted. The file name included

the subject's initials and the combination. During data analysis, each

file could then be recalled and either heart (H), eye (E), EMG (M) or

visual evoked response (A - for audio rare event analysis) preceded the

subject's initials and the combination number.

Analysis

Analysis of the data recorded on the NWTB was a time-consuming

task. On the average, a 24 trial subject run required over 12K bytes of

storage on each Winchester disk. Because of the high cost of 1OM byte

Winchester disks ($85 ea), ten were purchased for the study and their

contents were transferred to digital magnetic tape during heavy subject

data recording periods. Four physiological variables were analyzed

including heart rate, eye blink, muscle electromyogram and the visual

evoked response. The analysis technique for each of these variables is

described below. All were recorded in five contiguous blocks for each

combination.

Heart Rate

The heart rate analysis routine allows the NWTB user the

flexibility of selecting several parameters prior to the actual analysis

of the EKG record. Amplitude of the R wave, R to R interval maxinium and

minimum times allowable and R wave slope conditions can all be

preselected. During the analysis of these data, the standard default

conditions were employed for most trials (Figure CI).

After selecting te analysis parameters, the first one second

of the first 10 second block could be displayed on the screen. After

drawing the tracing, the analysis program placed an asterisk next to the
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waveform it selected as the R wave (Figure C2). If this selection

appeared correct, the researcher could then have the NWTB analyze the

EKG data for the entire trial by entering a "C" for compute. This took

an average 30 seconds each trial. After the analysis was complete a

record was displayed for that trial's EKG results (Figure Cl). If there

were no bad beats and the variance in the beats appeared normal, the

trial could be accepted and the inter-beat interval recorded (Figure

C3). A plot of the inter-beat interval was also made available to the

researcher, if desired, which gave a pictorial record of the variation

in heart rate during the first 50 seconds of each trial (Figure C3).If,

however, there were problems with the EKG record, the R-R interval was

longer than 1200 msec or there was noise on the recording, the program

could not accurately select the R wave and EKG analysis results indi-

cated "bad beats." In many instances, these "bad beats" could be

corrected by changing one of the four analysis parameters offered at the

beginning of each trial. One problem encountered with the current

version of the heart rate analysis routine is that it is unable to

correctly identify R waves that fall directly at the end or beginning of

a 10 second trial. This occurred several times throughout the analysis

of all nine subject's data and had a slight effect on the interbeat

interval. What is needed with this analysis software is the ability to

allow the researcher to physically move the asterisk to the correct R

wave in order to speed up the analysis. Such a capability resides in

the eye blink analysis routine described below.

Eye Blink

The eye blink analysis was similar to that for the EKG in that

the total number of eye blinks were recorded as well as the interval
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between blinks, but other parameters were also provided including
I

closure duration. After the eye blink analysis was complete a record

was displayed for the first ten second interval. Because eye blinks

were extremely difficult to select, each ten second interval for each of

the 48 trials (24 trials x 2 days) for experiment I and 24 trials for

experiment II were reviewed. In addition, in order to aid the analysis,

video tapes were reviewed for each subject for each trial in order to

determine when and if each subject blinked. In some trials, subjects

never blinked. In other trials, subjects blinked over 60 times. The

eye blink analysis routine selected the onset of a blink and drew a line

to the abscissa or time line of the record (Figure C4). If a blink was

not selected by the routine, the researcher had the option of changirg

the original default parameters or selecting the blink with a movable

cursor on the keyboard. The latter technique proved to be the most

expeditious and was used most of the time. After all blinks for all

five 10-second records were selected, composite eye blink results were

displayed. This represented eye blink results for one trial (Figure C4).

Right Arm EMG

Electromyogram (EMG) data from the brachioradialis muscle of

the right arm of each subject was analyzed for each trial. The EMG

analysis routine provides no plot of the record, however, it does give

totals for each of the 10 second trials as well as totals. The analysis

routine involves a Fast Fourier Transform of the frequency data in order

to convert it from the frequency to the time domain. The routine

analyzes the power in the EMG signal in 4 different "bands" (Figure C5).

Power in the 10, 20, 30 and over 30 bands is computed for the entire 50

seconds and then listed in a table of results (Figure C5). One would
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expect a simple, thumb actuating a switch type task to require very -S

little arm muscle activity, whereas a dual tracking and t. get reaction

task to require a great deal of arm muscle activity.

Visual Evoked Response

The most time consuming analysis was the visual evoked response

(VER) for each trial for each subject. This routine recorded one second

snap-shots of the event related potential (ERP) recorded from the scalp

of each subject. This one second record was triggered externally by the

appearance of a threat target or a flashing target aircraft, as described

in the Methods and Materials section. The audio rare event analysis

routine was selected because the task selected in this research was very

similar to the "odd-ball" paradigm described by Donchin et al. (1984).

Twenty percent of the secondary tasks (targets) presented were threats,

similar to the 20% odd tones presented by Donchin et al. (1984). Both
a-

the rare and frequent ERPs were recorded on the first four subjects.

Rare ERPs were the one second scalp potentials following the appearance

of a threat or the flash of the target aircraft. The ERPs resembled the

classical transient evoked response (Figure C6) in that positive-going

and negative-going traces were observed with the third positive peak

usually selected as the P300 or P3.

VER analysis was performed for each trial for subject. There

were two modes of analysis offered for each 50 second record of ERPs.

The researchers could select the ".DAT" suffix to see an overall analy-

sis of the ERPs, or the ".DST" suffix to observe individually triggered .-

ERPs. Following the select'on of default parameters the researcher was

presented with the composite ERPs recorded throughout the 50 second

period. In several instances, there was a problem with the recording
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path or else the subject blinked excessively and all ERP records were

lost for that trial. If, however, all ERPs were successfully recorded,

a typical composite record appeared as shown in Figure C7. This figure

shows the composite ERPs for Day I combinations 23, 9 and 17 from

Experiment I for one of the subjects. These combinations were for the

1/S-2 task and were at ambient 40 dB (23), 90 dB (9) and 100 dB (17),

respectively. The figures at the right side of each tracing indicate

the number of trials the filtered composite is made from. If one looks

for a similar positive-going peak among all three ERPs, one is obvious

around the middle of the record. If the records for Day 2 are then

superimposed over Day 1 results (Figure C8), it is possible to select

the P300 peaks and then compute the amplitudes and latencies (Figure

C9).
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FIGURE Cl

HEART RATE ANALYSIS,. I
CARDIAC AMPLITUDE: 29 

5%DIFFERENCE CRITERION: 199
MAXIMUM TIME BETWEEN R WAVES: 1000
MINIMUM TIME BETWEEN R WAVES: 400

BADTRIAL BEATS BEATS MEAN II VAR STO DEV MEAN 5PM
1 13 0 769.41 1658.63 40.72 77.982 13 0 761.41 32827 18.11 78.80

3 13 1 762.27 1222.44 34.96 78.714 13 2 703.90 1080.90 32.87 85.23

5 13 0 785.66 1283.31 35-82 76.36
GRAND STATISTICS 757.34 1793.92 42.35 79.22
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FIGURE C2
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EYE BLINK AND BLINK DURATION
ANALYSIS .
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FIGURE CS

EMG ANALYSIS

EMG (MV) OVER 30

OVER 30

TIME (SEC) MEAN VAR ST 0EV 10 20 30 OVER

10 0.0 150.56 12.27 7074 2198 557 171

20 -0.1 180.56 13.43 633 2427 625 315
30 0.0 413.03 20.32 4408 2929 1511 1152
40 0.0 208.98 14.45 6077 2720 885 318
50 0.0 237.91 15.42 5693 2718 1048 541

TOTAL -0.0 238.20 15.43 29885 12992 4626 2497 *,
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FIGURE C6
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FIGURE C7

P300 ANALYSIS, DAY 1
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FIGURE C8

P300 ANALYSIS, DAY 2
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FIGURE C9
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APPENDIX D

Pilot Study - Selection of Performance Tasks

This initial experiment was conducted in two phases. During phase

I, subjects performed the compensatory tracking task, described in

Methods and the three plant dynamics (PI, P2, P3) were evaluated with

all five forcing functions. The experimental design is shown in Table

D1. Phase II involved the evaluation of the dual tasks (primary track-

ing task plus the secondary, RHAW, task). Subjects were also exposed to

noise stress in order for them to become familiar with 90 dB and

100 dB A-weighted noise stress; all subjects were already familiar wi-h

acceleration stress.

Phase I - This phase was conducted in the laboratory but with sear

and crt geometries as similar as possible to the centrifuge cab seat and

crt geometries. Subjects tracked the vertically moving aircraft (Figure

DI) using either the P1, P2 or P3 plant dynamics. The aircraft's

forcina function or speed was either 1, 2, 3, 4 or 5; 1 was the slowest

and 5, the fastest. The five subjects who completed phase I, received

one day of familiarization and three days of training. Each training

day consisted of fifteen 30 second tracking exposures. A " three plant

dynamics were used to track the five target speeds for a totd! of 15

conditions. Referring to Table D1, subject 1 tracked plants in the

order P1, P2 and then P3 across all five target spends on Day I and then

plants P2, PI and P3 on Day 2. The order of the 5 forcing functions
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were randomized among the plant conditions, however, the subjects were

told prior to tle tas!' which speed they could expect. There was a 9

fifteen second rest between each exposure. On Day 4, data was

collected. All subjects had reached asymptotic performance by day 4 as

their day 3 scores were within 5% of their day 2 scores. Mean error

scores across all five subjects versus plant dynamics and forcing

function (target speed) were computed.

Phase II - This phase was also conducted in the laboratory with

methods and materials the same as in Phase I. The same five subjects

from phase I tracked with all three plant dynamics, again, but a forcing

function of 1 was selected for all three plants based upon the results

of Phase I. In addition, subjects were presented with the secondary

task which was either 1, 2 or 4 threats (Figure 2) presented randomly

among 5 nonthreats. There was also a 0 threat condition during which

the subject performed the tracking task, only. The 15 combinations

including plant dynamics and the number of threats are shown in Table

D2. There was no attempt to counterbalance this design and subjects

were trained by starting with combination I and ending with combination

15. Noise stress was also introduced during Phase II only to familiar-

ize the subjects with the 90 and 100 dB A-weighted pink noise. Subjects

practiced giving SWAT scores after each 60 second combination. After

three days training, data was collected on Day 4. A man-machine

response time or MMRT was also developed to give a continuous tracking

reaction time measure. This MMRT is described in Appendix B. MMRTs as

a function of plant dynamic- and forcing function were also computed as

well as mean error score. Mean SWAT scores, mean error scores and mean

percent targets hit for the five subjects as a function of plant
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dynamics, number of threat targets and noise stress were computed.

After analyzing the results, the eight tasks described in Methods and

Materials Methods were selected and carried forward into experiments I

and II.

Results

Phase I: Tracking error score means were computed for the subjects

and plotted on Figure D2. An ANOVA was performed on the means for all

five subjects (Tables D3,4) for score and reaction time (Man-Machine

Response Time or MMRT). F-tests (Table D5) showed a significant differ-

ence among the plants for score (P=.O001) and for MMRT (P=.O001) and

among the forcing functions for score (P=.O002) but not for MMRT (P=.7643).

Phase I: No statistical analysis was performed on the data from

this phase. Means of five subjects were recorded and plotted (Figures

D7, D8, D9).

Discussion

Phase 1: From the plot in Figure D2 it was determined that error

scores for both plant PI (pure gain plant) and plant P2 (I/S or velocity

plant) were essentially the same across all target speeds or forcing

2functions. The error scores for plant P3 (I/S or acceleration plant)

were significantly higher than those for P1 and P2 and more spread out.

The P2 plant used in tracking the aircraft with a forcing function of 1

resulted in the lowest mean error score and the P3 plant used in track-

ing the aircraft with a forcing function of 4 resulted in the highest

mean error score. There was no significant difference found betweer the

tracking scores for the P1 :nd P2 plants but there was a difference

found between PI and P3 as well as P2 and P3 (Figure D3). Forcing

function appeared to have a direct effect on mean error score, that is,
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as the forcing function increased, the mean error score increased

(Figure D4). Man-macnine response time (MMRT), like medn error score, ,

was not significantly different between plants PI and P2, however, P1

and P3 as well as P2 and P3 MMRTs were significantly different

(Figure D5). Forcing function had no real significant effect on MMRT

(Figure D6).

It was decided to carry forward into Phase II all three plant

conditions with a forcing function of 1. These conditions resulted in a

wide range of tracking error scores and were judged reasonable by the

subjects in terms of tracking.

Phase I: Means for all five subjects were computed and plotted.

Mean error scores for PI and P2 in combination with threats and noise

were not different from one another, however, they appeared to be

different from P3 (Figure D7). The plant P3 condition showed that as

the number of targets increased, the mean error score increased. No

difference in mean percent hits of threat targets was found as a func-

tion of plant or trial during the pilot study (Figure D8). Mean percent

hits for the threats-alone condition was better than those conditions in

which any of the plants, P1, P2 or P3 were in combination with the

threats (Figure D8). One can see that as the number of threats increased

from I to 2 or 4 the mean percent hits dropped consistently (Figure D8).

Mean SWAT scores demonstrated some interesting combinations (Figure D9).

As the task difficulty and noise increased, the subjective SWAT rating

increased, regardless of plant. Plants P1 or P2 SWATs were similar,

however, plant P3 SWAT ratilgs were higher than those for P1 or P2

(Figure D9).

The results from Phase II made it possible to reduce the number of
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plant and target conditions to carry forward into experiments I and II.

Because plants P1 and P2 were quite similar in terms of mean error

score, percent hits, man-machine response time and SWAT ratings, it was

decided to drop the P1 condition since it was so similar to P2 in its

effect on subject tracking. P2 demonstrated a wider range of SWAT

scores (Figure D9) and a wider range of percent hits (Figure D8).

Furthermore, the one and two target conditions resulted in similar error

scores, percent hits and SWAT scores and it was decided to drop the one

target condition. This -cision resulted in two target conditions (2,

4) with two plant (1/S, 1/S2) conditions for experiments I and II. When

combined with target only and plant only tasks, these two conditions

resulted in the eight tasks selected and discussed in the Description of

the Performance Tasks section of Methods and Materials.
I
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FIGURE D2

TRACKING ERROR SCORE AS A FUNCTION
OF FORCING FUNCTION vs PLANT
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FIGURE D3

95% CONFIDENCE INTERVALS FOR
MAN-MACHINE RESPONSE TIME vs PLANT
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FIGURE D4
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FIGURE DS

MEAN ERROR SCORE vs MAN-MACHINE
RESPONSE TIME
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FIGURE D6

95% CONFIDENCE INTERVALS FOR
MAN-MACHINE RESPONSE TIME vs

FORCING FUNCTION
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FIGURE D9

MEAN SWAT SCORE FOR
70 -EACH COMBINATION
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TABLE Dl

PLANT/FORCING FUNCTION
EXPERIMENTAL DESIGN

TRAINING DATA

SUBJECT DAY1 DAY 2 DAY 3 DAY 4

T PI P2 P3 P2 PI P3 P3 P1 P2 P2 P3 Pl

2 P2 Pl P3  P3 P2 Pi P1 P3 P2  P1 P2 P3

3 P3 P2 P1 P3 P2 P2 Pl P3  P2 P3 P1
4 P2 P3 P I P3 P2 P, P1 P3 P2  P2 PI P3

5 PI P3 P:2 P2 P, P3 P:3 P2 PI Pt 1 P2 P:3

PLANTS: P = K

P2  KS

P3 = K S2

TABLE D2

TRAINING AND SELECTION EXPERIMENTAL
DESIGN FROM PILOT STUDY

COMBINATION PLANT THREATS NOISE (dB)
1 1 A
2 -2 A
3 4 A
4 P1 0 90
5 P1 1 A
6 P1 2 100
7 P1 4 A
8 P2 0 A
9 P2 1 90

10 P2 2 100
S11 P2 4 A
12 P3 0 A
13 P3 1 90
14 P3 2 A
15 P3 4 tOO

P1 = K, FORCING FUNCTION 1

P2 = K/S, FORCING FUNCTION 1
P3 = KJS2 , FORCING FUNCTION 1'
A = AMBIENT NOISE
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TABLE D3. ANOVA TAB3LE FOR ERROR SCORE

Source OF Sum Of Squares Error Term F-Vdlue P-Volue

Subject 4 3811 rrur 1.4831'

Plant 2 7961) CSIbjeCL*Pldnt b*7L3 .00() L

FF 4 3")91 >.ubjcct*Ff 1N./1 .000?

Subject*Pldnt 8627 Lrror 1.2? .3199

Subject*FF 16 13112 Error 1.30 .?IA4?

Pl ant*FF 3 364 Lrror 0.71

Error 32 20b9

Total 74 16323

FF =Forcing Function

rAL[ U4. AtIOVA ',.,bL[ 1< kLACTION1 TII'-1E

Source OF Sufii of Skquards Error Term F-Vilue P -VI Iue

Subject 4 0.182 Error 5.79 .00U13

2 lan t 2 .38 %if,"J~ ject*P~ant 52. 13 *iJJ0 L

FF 4 u1ul; Sub htect *FF U.4u 1o

Subject*Pldnt 0 r); Error 4.1t (jJ1;;'

Subject*FF lo L(J. 15., L -r'ur l?

Plant*FF 0.i8Err'r 1.5 1o /1J.

Error 32 (.1)1

Total 74 4.331

FF Forcing Function
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TABLE D5

MAIN EFFECTS FOR
PLANT AND FORCING FUNCTION

SCORE MMRT
PLANT (LSD - 5.8) PLANT (LSD a .12)

1 21.8 1 .40

1/S 23.7 11S .51

1/S2  4.5 11S2 .90

FORCING SCORE FORCING MMRT

FUNCTION (LSD = 7.1) FUNCTION (LS. = .08)

1 18.6 5 .58
2 26.9 3 .60
3 30.41 4 .61

4 36.3 62

5 37.8 2 .62

NOTE: MEANS CONNECTED BY THE SAME LINE ARE NOT
SIGNIFICANTLY (P ' .. 05) DIFFERENT
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APPENDIX E

The Effect of Noise and Acceleration Stress on Human Performance -

Literature Review

The specific effect of noise stress on human performance is almost

as elusive as the definition for mental workload. Mixed results exist

regarding the effect of high noise stress (100 dB) on operator perform-

ance.

Noise and Performance Literature Review

In his review of the literature on the experimental evidence of rhe

effect of noise on human performance, Kryter (1970) concluded that most

studies which showed deleterious effects of noise could be criticized on

the basis cf faulty experimental procedures. Koelega (1986) confirmed

this opinion in his evaluative review of noise and vigilance in which he

concluded that the literature on the effects of noise on monitorino

performance shows a disappointing lack of consistency in results. Apart

from the obvious masking effects of noise resulting in performance

decrements on tasks that require perception of auditory signals, noise

can cause decreases in efficiency on nonauditory - dependent tasks

(Beljan, Rosenblatt, Hetheringtcr, L!man, Flaim, Dale, and Holley,

1972). Jerison (1963) concluded that .1. dB noise can cause measurable

changes in human perrormance. Jer ' > n *,> r.6 that t'me judgment was

distorted by noise as was performancp on a mental courting task.

Ambient white noise (50-90 6B) was, found to have no significant effect

140

TrI.



upon vigilance performance (Blackwell & Belt, 1971). Broadbent and

Gregory (1965) found that 100 dB noise increases performance decrements •

on vigilance tasks. Hamilton and Copeman (1970) showed that 100 dB

noise increased performance on a tracking task. In one study,

(Grimaldi, 1958) a tendency for more errors and less precision was

observed when working in a noisy environment. Response times were

slower and the number of errors greater when noise levels ranged between

90-100 dB and the frequencies were the highest. One of the most

prevalent theories explaining the effects of noise on work performance

is the distraction-arousal theory (Teichner, 1963). The

distraction-arousal theory holds that noise can have two distinct
\.I

effects on a person. One effect is to distract the subject from what he

is doing and the second effect is to increase the subject's level of

arousal.

Noise as an environmental stressor can be acute, short-term or

chronic. Sonic booms or sudden loud noises can affect performance by

distracting the subject. Chronic noise exposure, even where the ambient

noise is high such as in a cockpit, tends to show no detrimental effct

on performance. This phenomenon may be due to subject adaptation to the

noise. Short-term or intermittent noise has been shown to be the most

distracting and performance degrading (McCann, 1969; Poulton & Chin,

1970).

Typical noise levels have been recorded in the F-16A aircraft

(Hille, 1979). Noise levels as high as 117 d8 A-weighted in an F-16A

cruising at 5000 feet at 48C knots indicated airspeed with the

environmental control system on (defogger on maximum speed) have been

recorded in the cockpit. The helmet (HGU 2A/P with custom liner)
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suppressed this noise level approximately 20 dB A-weighted but noise

levels ranging between 90-120 dB A-weighted are not uncommon in the

F-16A cockpit (Hille, 1979).

The effect of noise on primary and subsidiary task performance has

been examined (Bell, 1978). Subjects were exposed to two noise levels,

55 and 95 dB A-weighted and performed a primary pursuit motor task and a

subsidiary mental arithmetic task. The results indicated that exposure

to high levels of noise had detrimental effects on subsidiary task

performance. These results were consistent with those of previous

researchers (Finkelman & Glass, 1970) and the observed performance

decrPmentq may well be due to an environmental overload of subjects'

capacities to process information.

In summary, noise stress appears to have two distinct effects on

humans. One effect is that noise can distract; the other effect is that

noise can arouse the operator. If noise aJ.s to arouse the operator,

one might expect improved reaction times and better visual-motor perform-

ance under noise stress compared to the ambient, noise-free environment

condition.

The literature regarding the effect of acceleration on human

performance is, perhaps, more conclusive than that for noise stress.

Because of the Space program, much of the acceleration performance work

was initiated in the late 1950's and early 1960's. Researchers were

interested in determining how man was going to perform while entering

and returning from space.

Acceleration and Performanct Literature Review

Prior to a review of the pertinent acceleration literature, a

definition of body axes accelerations are in order. +G acceleration is
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that acceleration directed along the individual's z axis, or head-to-toe

direction in a standing subject, or along the spine in an upright,

seated subject. +G acceleration is that directed from the chest to the

back; it would be thought of as perpendicular to the spine. Gy

acceleration is lateral acceleration and is applied from the left to

right or right to left in the subject. A summary of body axes accelera-

tions is provided in Appendix A.

One of the earliest studies involving the effect of acceleration on

mental functioning was performed over forty years ago (Kerr & Russell,

1944). In this study, subjects weie exposed to levels of acceleration

high enough to produce dimming of vision and blackout; attendant impair-

ment of cerebral function was also reported. This effect was observed

in subjects who became confused, failed to remember parts of the proce-

dure and suffered loss of control of voluntary movement. -he average

threshold of unconsciousness was 5G (unprotected) lasting from 3 to 60

seconds after the centrifuge stopped. Hallenbeck (1946) reported

similar findings. He presumed that central nervous system and hence

ccgnitive processes are affected by G levels below those that result in

unconsciousness.

Reaction time experiments under G stress were conducted to examine

the functioning of higher mental centers. In one experiment (Canfield,

Comrey, Wilson, & Zimmerman, 1950) subjects were required to determine

the direction that a red light lay in relation to a green one on a panel

and to make a response which indicated the proper direction whenever a

red light was presented. Acceleration up to 5G had no significant

effect on time required for the reaction. Evidence for increased simple

reaction time under acceleration, however, was found in d previous
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experiment (Canfield, Comrey & Wilson, 1949).

In a discrimination experiment (Warrick & Lund, 1946), errors in

dial reading increased as a function of increased acceleration. No

significant effects of acceleration were found in another experiment

(Canfield, Comrey & Wilson, 1948) which looked at matching one of four

similar figures (e.g. ships, clocks, and jugs) in a pattern which

exactly matched a central figure. The authors considered these a

measure of perceptual speed ability, however, their scores were not

expressed in terms of speed but in terms of errors. The subjects

(non-pilots) wore anti-G suits and were tested at +1, +2.5 and +4Gz with

15 sec at peak G. Some decrement occurred at +dG, but only or the

first half of the runs each day of the experiment.

Another unknown from the acceleration performance literature was

the nature and extent of cognitive impairment likely to result from the

reduced flow of blood to the brain under acceleration stress. Some

studies directed toward this nuestion looked at color discr4imination,

mathematical skills and short-term memory. Attempts to measure color,

determination and coler naming ability yielded few significant results,

at least at +3G (Frankenhauser, 1945). Somewhat greater success has

been achieved in producing cognitive decrement with tests of simple

mathematical skills. Frankenhauser found that the speed of multipli-

cation and subtraction decreases significantly at +3G,. The most

Lh,,uughly investigated aspect of high mental DerformancP under acceler-

ation is short-term memory. Numerous experiments by Chambers and his

colleaaues have shown memor) impairment at high -G levelk (Chainbers,
x

1961; Chambers, 1963; Chambers & Hitchcock, 1963). The results of these

studies indicated that acceleration levels up to +5G did not
x
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significantly affect performance on memory tasks, measured as the mean

percent of correct trials. Acceleration stress greater than +5Gx did

reduce memory performance.

Creer (1962) investigated the influence of various acceleration

profiles as well as simulated vehicle dynamics upon tracking profic-

iency. The maximum acceleration magnitudes were +6Gz, +6Gx , and -6Gx

for 2.5 minutes. Creer found that for a relatively easy control task,

involving heavily damped (no oscillations or overshoot) vehicle dyna-

mics, no tracking decrement occurred at any acceleration level. In the

lightly damped case however, which produced approximately 20% greater

errors at one G, performance deteriorated markedly above 4G and was

relatively independent of the direction of the acceleration. These

results indicated the importance of using a demanding task to show early

performance decrement. Another significant point is that control

performance is no less effective at +G than at ±G , provided no sericus

visual impairment occurs.

Chambers and Hitchcock (1963) also emphasized the importance of .he

overall difficulty o: the respective task and the resulting effect cn

G-stressed performance; the more inferior the aerodynamic characteris-

tics of the simulated vehicle, the greater the likalihood of inferior

human performance under G conditions. By using G levels higher than V

those in an earlier study, Creer (1962) was able to differentiate

clearly between the different vectors, G, and G_, employed. All runs

lasted 2.5 minutes and vehicle motions were well-damped. Between +6G

and +9G, performance dropped rapidly, while only slight decrement was

observed from IG up to +I4Gx . This difference wa. attributed primar-

ily to the serious visual degradation occuring above +7Gz  Significant
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decrements in psychomotor performance during accelerations of 5, 7, and

+9G were found by Little, Hartman and Leverett (1968). Performance

decrement was observed with the degree dependent on the level. Succes-

sive runs did not result in progressive decrement; after the first run,

performance improved and reached an asymptote on runs two and three.

Little et al. (1968) observed that (I) performance decrement resulted

from either mechanical (limb-loading, etc.) or stress-specific factors

rather than physiologic insult and (2) the physiologic responses were

clearly short of any objective medical or operational endpoint. Little

et al. (1968) recommended that future studies should be directed at

defining the point at which the physiological response curve crosses the b

decrement in psychomotor performance curve in order to define an opera-

tional endpoint.

One of the most comprehensive reviews on performance and accelera-

tion was published 16 years ago (Grether, 1971). Grether concluded that

both simple and choice reaction times to visual signals generally

increased during exposure to +G acceleration and that this effect
z

tended to diminish or disappear as subjects became more accustomed to

acceleration. Tracking and flight control showed progressive impairment

with increasing z-G acceleration and somewhat less impairment with 'G
z -

acceleration. Intellectual or central nervous functions seem to he more

resistant to impairment by acceleration (Grether, 1971). .

Tracking performance with G protection devices/methods (tilted2

seats, positive pressure breathing, breathing maneuvers, anti G-suits,

weight-training) have been the most > 2ular research topics in the past

15 years. One of the typical experiments involved mnasuring pilot

tracking performance in a high G environment as a function of 'eat back
z
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angle (Rogers, 1973). Rogers found significant improvements in perform-

ance as the seat back angle was varied between 300 and 600 from the

vertical. This improvement was attributed to increased blood flow to

the head (eyes, brain) as a result of minimizing the eye-to-heart blood

column. Subject performance was found to be inversely related to the

level of G exposure and rapidly deteriorated above +6Gz.

In their simulated aerial combat maneuvering (ACM) scenario at the

USAF School of Aerospace Medicine centrifuge, Burton and Shaffstall

(1978) were unable to repeat the 55% increase in tracking performance

reported earlier by Rogers (1973). This discrepancy is attributed to

the differences in the tracking tasks used by Rogers and that used by

Burton. Loose, McElreath and Potor (1976) found an increase in Root

Mean Square error as a function of increasing +G in a 2-dimensional K
z

tracking task. The task involved combined lateral +G and head-to-toe,
y

+G, motions with 1.6, 3 and 5G acceleration levels.

More recently, Lisher and Glaister (1978) studied the effects of

+G acceleration on performance of the Manikin test. This test involves

the perception of a figure's orientation with respect to the observer

and appears to tap cognitive resources associated with spatial orienta- ,

tion (Carter & Wolstad, 1985). Lisher and Glaister varied acceleration

from I to lOG in addition to using three different seat back angles

(17, 52, and 67 degrees) from the vertical. Performance on the Manikin

test was not affected by +G acceleration up to and including +6G_.
Z

Seat back angle had a significant effect on performance. Burton ard

Shaffstall (1980) in a +4.5 to 7.OG simulated aerial combat maneuvering

(ACM) task found no effect for seat back angle on tracking performance

but did find that increasina seat back angle improved the subject's G
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tolerance. Piranian (1982) investigated pilot tracking performance or a

visually-simulated ACM scenario in the Navy centrifuge (Naval Air

Development Center, Warminster, PA). The task was to pursue a target

aircraft into a +5G, wind-up, or circling, turn and to hit the target at

various G levels. Tracking performance was measured in terms of pro-

jected miss distance from the target, percentage of time within 10 mils

of the tatnet and pilot opinion ratings. Piranian medsured a 20.

decrement in performance at 5G compared to IG which agrees with the

trend found by other researchers.

Research by Albery, Ward, and Gill (1935) examined per'ormance in a

maze solving task under +G acceleration. This task appears to tap 0

resources associated with spatial processing and problem solvina. In

this study, subjects were exposed from 1.5 to +6Gz . in addition to the
z

performance measure, subjective measures of operator workload were

obtained with SWAT. The results of this study indicated that perform-

ance on the maze-splving task was not signifiLantly affected by +6G
z

acceleration. However, SWAT showed a systematic increase as a functicn

of +G accelerdtion. The authors concluded "the maze-solvina task didz

not force subjects to work at capacity, and allowed them sufficient

processing resources to compensate for the effects of the --G strcss."

The studies by Albery et al. (1985) and Lisher and Glaister (1978)

did not produce +G relited performance impairment on cognitive tasks up

to and includinq *-6G . These results support Grether's (1971) conclu-

sion that cognitive or intellectual functions are more resistant to the

effects of G stress relati e to visual and motor functions. Alterna-
z

tively, it is also possible that the tasks utilized by the above re-

searchers may not have imposed sufficient demand on the operator for the
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effects of Gz stress to be realized. Research by Repperger (1984) on a

compensatory tracking task showed that the addition of +G stressZ

increased tracking errors and produced results similar to a more diffi-

cult one G tracking task. Repperger (1984) found greater performance

decrements as a function of +G acceleration for the more difficult

tasks relative to the easier tracking tasks.
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FIGURE 4
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FIGURE 5

VIDEO DOT GENERATOR AND TRIGGER SIGNAL

TARGET
AIRCRAFT

RARE EVENT \ THREAT FREQUENT EVENT
WINDOW / WINDOW

RARE EVENT FREQUENT EVENT
PHOTOCELL CHANNEL -- PHOTOCELL CHANNEL

- F VIDE DOT]

I IL TTL

SIGNAL I I SIGNAL
TO NWT8

AND COMPUTER
rO I , r , r 1, ri- -r r ri r i, r' ri - r. - r-t

H..

%



JI

co/
nI

(~C)
a, V_ LL

C/)j

z 0

Awu



VWUWWT~tARWITJVTrv~rVUV--w--JjF APrut j(?-m LA idKI A- wwIN N Ii v Tpn N

nooki

t.L T-1NVd H~J.'d k4OOA klAlINO4 WIOMV4

I-SONIkA dilS 3ofldIN30

w~C M 2 0CCC

-7-~ -T 1 ---
LL.. 

0

w 0,

w 0V

1565



0X" -- -9

IL -. 4t.

444
Lii

So



9 CONFIDENCE INTERVALS

35-

30

5-

U)

15 I

10-
40 DB 90 DB 100 DB

NOISE

FIGURE 9a. SWAT VS. NOISE AVERAGED ACROSS TASK

50 95% CONFIDLNCE IN rERVALS

40-1

201

10-

1.4 2 75 3175
ACCELERATION (GZ)

FIGURE 9b. SWAT VS. ACCELERATION AVERAGED ACROSS TASK



-!' - ,-. , , - ' - I .-  - k -" v' w  ' *  ¢ '-/ "  U ':":'"

19.0- 95% CONFIDENCE INTERVALI
18.5-

),u
icc

"18.0-

0
)0),:

170-

16.5-

16.0-
40 DB 90 DB 100 DO

NOISE

FIGURE lOa. PRIM.,NRY TRACKING TASK ERROR SCORE VS. NOISE
AVERAGED ACROSS TASK

25- 95% CONFIDENCE INTERVALS

24-

23-

0 22-
0

21-

20- "1J.,,

19-

181-,,

1 4 2 75 2,75 t
ACCEL-RATION (GZ)

FIGURE 10b. PRIMARY TRACKING TASK ERROR SCORE VS.

ACCELERATION AVERAGED ACROSS TASK

159I

4,



- - a -- - - -

95% CONFIDENCE INTERVALS

91 -

90-

89-

c/)

88-1

871

I
86

40 DB 90 DB 100 DO

NOISE

1 la. SECONDARY TASK PERFORMANCE VS NOIS!E AVERAGED
ACROSS TASK

95'% CONFIDENCL INTERVALS

97-

? 96-

94 -r

- 93-

4' I

AC( - Hi TION (Z )"

FIGURE 1 lb SECONDARY TASK PERFORMANCE VS
ACCELERATION AVERAGED ACROSS TASK

', r,.

p.
p.

S J ' p 5' .~~ * .P.*.... *. - ~ J ~ . ~ * - j * ' * - .- i



95% CONFIDENCE INTERVALS

0.720-

zIo r
z ;.I,
0 0.710-
w

"0z0.700- .,'

zI
0cr

0.680-

401DB 901DB 100 DB

NOISE

FIGURE 12a. SECONDARY TASK REACTION TIME VS. NOISE
AVERAGED ACROSS TASK

95% CONFIDENCE INTERVALS

0.680-

(I,o
z 0.674-
0
U

0-668- a-

z
0 0.662-

c 0656-

ACCELERATION (GZ)

FIGURE 12b. SECONDARY TASK REACTION TIME VS.
ACCELERATION AVERAGED ACROSS TASK

'01



o0.87- 95% CONFIDENCE INTERVALS
z
0

w
U)

0.8

w

Z 0.83-0
a-

w 4
z 0.81-

Z 0.79-1
40 DB 90 DB 100 06

NO ISE

FIGURE 13a. MAN-MACHINE RESPONSE TIME VS. NOISE
AVERAGED ACROSS TASK

do0.89- 95% CONFIDENCE INTERVALS
d z

0
* w 0.87-

w

U) 0.83-
z 4
0

U) 0.81-

WJ 0.79-
z V

*( 77-

z
*~0.75-

1 4 2 75 3 75

ACCELERATION (GZ)

FIGURE 13b. MAN-MACHINE RESPONSE TIME VS. ACCELERATION
AVERAGED ACROSS TASK

16?P

VY V

Y&I&



95% CONFIDENCE INTERVALS

75.5 -
I

749-
z

-74 3-, I:0I Ii'

lI

UJ 73.7 -"

.73 1-

72 5-

40 DB 90 DB 100 DO
NOISE

FIGURE 14a HEART RATE VS. NOISE AVERAGED ACROSS -%

TASK 4

95% CONFIDENCE INTERVALS

110-

40.
-4'

I--

102-
z

C/)
- T94 -
<- -:.

u N
80-

< 78- T '"
uJ

70

1 4 2 75 3 75

ACCELERAIION (GZ)

FIGURE 14b HEART RATE VS. ACCELERATION AVERAGED

ACROSS TASK

163

-. *.~ p -. ~ .,f *..%~V .f. -~r ' ~ - : ~ *.~,*4* ~ 4 ** ' ~44*44~ ** . ' 44 *



r- X7 K1 17v7 l w" - - k-1 .

95% CONFIDENCE INTERVALS

10.9-
I

10.5-

z7_-J 10,1- _

-JI

: 0 9.7-

93-

8.9-

40 08 90 DB 100 DB
NOISE "

FIGURE 15a. TOTAL EYE BLINKS VS. NOISE AVERAGED
ACROSS TASK

26- 95% CONFID[NCE INTERVALS I

T

22-

z
-j,

18-J

0

14-

10-

1 4 2 75 3 75 -

ACCELERATION (GZ)

FIGURE 15b. TOTAL EYE BLINKS VS. ACCELERATION I
AVERAGED ACROSS TASK

Yt

.. -N



I

95% CONFIDENCE INTERVALS

144-

z
0

w
_ 138-

-J0

Z 132-
0

6 126-

z

120-

40 D8 90 DB 100 DB
NOISE

FIGURE 16a. EYE BLINK DURATION VS. NOISE AVERAGED
ACROSS TASK

95% CONFIDENCE INTERVALS

1371
(I,o
a
0
U 131-LIJ I

-J

25 -,.

- 119- ""

y 113-
z

m
107- SI "I.

14 2 75 3 75

ACCELERATION (GZ)

FIGURE 16b. EYE BLINK DURATION VS. ACCELERATION
AVERAGED ACROSS TASK

165

..-. . . . . < . . ._,...,.,,,.. ,. .,, ,. ,P,_.,,,. d' t ,. , , . , .; , ,,, .. ,,' , ,.,.... , , 1 . '. . ' i i .



95% CONFIDENCE INTERVALS
510--

03
z
0 496-
0w

- 482-

468-z
wI

-454-

0

440-

40 DB 90 DB 100 DB
NOISE

FIGURE 17a. P300 LATENCY VS. NOISE AVERAGED
ACROSS TASK

95% CONFIDENCE INTERVALS

475-
0

z
0

-J
-J

> 455-
0z
w

-J

0 445-
0

JI.
435-1

1.4 2.75 3.75
ACCELERATION (GZ)

FIGURE 17b. P300 LATENCY VS. ACCELERATION
AVERAGED ACROSS TASK

166



00

1-3- _

a

0 "%

a..

AMBIENT 90 DB 100 DB
NOISE

FIGURE 18a. P300 AMPLITUDE VS. NOISE AVERAGED
ACROSS TASK

95% CONFIDENCE INTERVALS

-J°

0

o

2 -

a.1

113-

0

c)

mBIN 9D 10DB'

1 4 2 75 3 75.,
ACCELERATION (GZ) v,

FIGURE 18b. P300 AMPLITUDE VS. ACCELERATION
AVERAGED ACROSS TASK

167

I,'



95% CONFIDENCE INTERVALS
63-

0
59-

55-

53-

AMBIENT 90 DB 100 DB 0
NOISE

FIGURE 19a. EMG STANDARD DEVIATION VS. NOISE.',
AVERAGED ACROSS TASK %

95% CONF1D\ENCE INTERVALS%

22 5-

55 1 . ,

'  21 5-

205-

FU 19 5-M T R I N O

18 5-

17 5- 1

'11 195

1 4 2 75 3 75
ACCELERATION (GZ)

FIGURE 19b. EMG STANDARD DEVIATION VS.
ACCELERATION AVERAGED ACROSS TASK ZIP

168

lies



95% CONFIDENCE INTERVALS

- 96.5-OI

1'-.

E
E

w iww , 9 5 .5 -
,,r'r ,..

. 94.5-
c

r 93.5-

z

92.51

40 DB 90 DB 100 0B
NOISE

FIGURE 20. MEAN ARTERIAL BLOOD PRESSURE VS. NOISE
AVERAGED ACROSS TASK

,

95% CONFIDENCE INTERVALS
96.0-

95.4-
I S'

'- 94.8-

0

94.2-

93-6-
I

9301

1 275 3 75
ACCELERATION (GZ)

FIGURE 21. PERCENT ARTERIAL OXYGEN SATURATION VS.
ACCELERATION AVERAGED ACROSS TASK

. 9



95% CONFIDENCE INTERVALS

33

o 27-

-J"5>

o
-j 21-
U-

z

Ccn 15-
0.

2 75 3.75

ACCELERATION (GZ)

FIGURE 22. PERCENT TEMPORAL ARTERY FLOW VELOCITY
VS. ACCELERATION AVERAGED ACROSS TASK

I'M

170

.>

170

I



95% CONFIDENCE INTERVALS

45-I

~I

35-1

Cn 25-T

4 1~5

PLAN T 0 0 1/s 1/S 1/S 1/S2 I/$2 1/$2TARGETS 2 4 0 2 4 0 2 4

TASK

FIGURE 23a. SWAT VS. TASK AVERAGED ACROSS NOiSE

95% CONFIDENCE INTERVALS 0

50- 1

T
40-.

30-14

20-

--

0
l I I I 1 1 1 -.1

PLANT 0 0 1/s i/S 1/S 1/S2 1/S2 1/82
TARGETS 2 4 0 2 4 0 2 4

TASK

FIGURE 23b. SWAT VS. TASK AVERAGED ACROSS
ACCELERATION

171

1 '.(4 . '- .. 4 '1.'



95% CONFIDENCE INTERVALS
28 T04 TT"I
24-1

20- 4a .
ccl
00 ,o

o 16-

12- I
8 - I

I I I I 1

PLANT 1/S 1/S i/S 1/S2 1/S2 1/S2
TARGETS 0 2 4 0 2 4TASK 

,"

FIGURE 24a. PRIMARY TRACKING TASK ERROR SCORE VS.
TASK AVERAGED ACROSS NOISE

95% CONFIDENCE INTERVALS33 

,.

T

27-

Lu

0 o 21-

15-

91

IIII I I '

PLANT I/S 1/S 1/S 1;,2 1/S2 1/S2
TARGETS 0 2 4 TASK 0 2 4 .

FIGURE 24b. PRIMARY TRACKING TASK ERROR SCORE VS.
TASK AVERAGED ACROSS ACCELERATION

172



95% CONFIDENCE INTERVALS

96-

92-

I-

88-

84-

80-
I I I I' I I

Pl.ANT 0 0 1/S 1/S 1/S2 1/S2
TARGETS 2 4 2 4 2 4

TASK
FIGURE 25a. SECONDARY TASK PERFORMANCE VS. TASK

AVERAGED ACROSS NOISE

T 95% CONFIDENCE INTERVALS

98

'4 U 90-T

86-

g2-

PLANT 0 0 i I/S SL2 I1G
TARGETS 2 4 4 4

TASKFIGURE 25b. SECONDARY TASK PERFORMANCE VS TASK
AVERAGED ACROSS ACCELERATION

173

-I . . .-. .. '. -. .-. ,. . . -. -. . -. - -. . -. . . . . . . . . .. . . . . . . . . . .



0 730- 95% CONFIDENCE INTERVALS

0 720-T

z 4
00.710-
L)

0

"0.700-

0 680-

Lu

0 670-

0 660-
I I I I I 1

PLANT 0 0 1/s 1/S 1/82 1 /2
TARGETS 2 4 2 4 2 4

TASK

FIGURE 26a. SECONDARY TASK REACTION TIME VS. TASK
AVERAGED ACROSS NOISE

0 72- 95% CONFIDENCE INTERVALS

070-

068-

0 066-

Z 064-

LU06

062-

0 60-

I ' 1I I I
PLANT 0 0 1/3 I/S 1/ ,  1/,;

TARGETS 2 4 2 4 2 4
TASK

FIGURE 26b. SECONDARY TASK REACTION TIME VS. TASK
AVERAGED ACROSS ACCELERATION

174

-r JL70 --A ' &



a 0.98- 95% CONFIDENCE INTERVALS
z
0

c, 092- 4,

ILu
0 86-

z
0
a- 080-T

w ui 44_0.74-
o

0.68-

I I I I I I

PLANT I/S I/S 1/S 1/S2 1/S2 1/S2
TARGETS 0 2 4 0 2 4

TASK

FIGURE 27a. MAN-MACHINE RESPONSE TIME VS. TASK
AVERAGED ACROSS NOISE

, n 95% CONFIDENCE INTERVALS
S1 00-

0
wT

090-w

I--

w

Z 0.80-
o
a-

w 0.70 -z

0.60

I I I I 1 ,

PLANT 1/S 1/S i/S 1/S2 1/S2 1/S2
TARGETS 0 2 4 0 2 4

TASK
FIGURE 27b. MAN-MACHINE RESPONSE TIME VS. TASK

AVERAGED ACROSS ACCELERATION

175

I-

; , I " ++ -w, ,' ,'. %'"" ' +.' '%" '''" , .. , ", .,. ++ - - ,,F • -#, ".' + "m +,,"#
'

. " ' .,, ,, ,. i" ,,, I" - r ,,P ,r ,r: r , #4



95% CONFIDENCE INTERVALS r
78-

Z 76-

C,-

al 74-

70-

I I 1 I I I F I

PLANT 0 0 1/S 1/S 1/S 1/$2 1/S2 1/$2
TARGETS 2 4 0 2 4 0 2 4

TASK

FIGURE 28a. HEART RATE VS. TASK AVERAGED ACROSS
NOISE

95% CONFIDENCE INTERVALS I

1 96-

z I

I-

w 92-t

m
Lu

I--

- 813- Mt

84-1'

I I I I I I I I

PLANT 0 0 /S I/S 1/S 1/S2 1/S2 1/S2
TARGETS 2 4 0 2 4 0 2 4

TASK
FIGURE 26b. HEART RATE VS. TASK AVERAGED ACROSS

ACCELERATION

176

I



95% CONFIDENCE INTERVALS

20-'

z ,

12-

8 - 4 1161

4-

I I I I I I
PLANT 0 0 1/S 1/S 1/S 1/S2 1/S2 1/S2
TARGETS 2 4 0 2 4 0 2 4

TASK

FIGURE 29a. TOTAL EYE BLINKS VS. TASK AVERAGED

ACROSS NOISE

95"b CONFIDENCE INTERVALS
28-

24-

z 20-

= 16I-
0 T

12 -

I 1 I I I I 1".'I.

Pi ANT 0 0 1/S I/S i/ 1/S:P 1/S2 1/S2
TAR -I S 2 4 u : 4 0 2 4

TASK

FIGURE 29b. TOTAL EYE BLINKS VS. TASK AVERAGED
ACROSS ACCELERATION

177

i



95% CONFIDENCE INTERVALS

S150-

z
0
w
(n 142-
~.J

z
o 134-;-

126-

z

118- __ _ _ _ _ __ _ _ _ _ __ _ _ _ _ __ _ _ _

I I /I I I I
PLANT 0 0 1/S 1/S I/S 1/S2 1/$2 1/S2
TARGETS 2 4 0 2 4 0 2 4

TASK

FIGURE 30a. EYE BLINK DURATION VS. TASK AVERAGED
ACROSS NOISE

95% CONFIDENCE INTERVALS
-, 140-
rz

0
0132-

2 124 - -

z

0

116-

x 108-

z

PLANT 0 C I13 1"S11G i 1/S2 l,/$2 li/G2
TARGETS 2 4 0 2 4 0 2 4 :

TASK ,a

FIGURE 30b. EYE BLINK DURATION VS, TASK AVERAGEDL
ACROSS ACCELERATION

178.

0I

-



550- 95% CONFIDENCE INTERVALS

z 520-
0
(.)
wco
-J 490-

€ 460-
z
I-=

430-
0
0

CL
400-

m ! "I1 I I I
PLANT 0 0 1/S 1/S 1/S 1/32 1/S2 1/S2
TARGETS 2 4 0 2 4 0 2 4

TASK

FIGURE 31a. P300 LATENCY VS. TASK AVERAGED
ACROSS NOISE

95% CONFIDENCE INTERVALS

520- T

z i
0

w 480-

T
440-

z
w

400-
0

co, 0.,

360-1

PLANT 0 0 1/S 1/S I/S 1/$2 /S2 1/32
mARGETS 2 4 0 2 4 0 2 4

TASK

FIGURE 31b. P300 LATENCY VS. TASK AVERAGED
ACROSS ACCELERATION

179

LIS



FIGURE 31C

P300 AND REACTION TIME DURING NOISE
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FIGURE 47. +4.5 Gz ACCELERATION EXPOSURE
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FIGURE 50
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FIGURE 52

SWAT vs STRESSOR

SWAT
95% CONFIDENCE INTERVALS

0 A(CL LERAI ION

45 • NOISL

I -PH
a 41

LOW MED IGH

STRESSOR

FIGURE 53

SWAT vs TASK DIFFULTY
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FIGURE 54

ERROR SCORE vs STRESSOR
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FIGURE 55

TRACKING ERROR SCORE vs TASK DIFFICULTY
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FIGURE 56 p

HEART RATE vs STRESSOR
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FIGURE 57

HEART RATE vs TASK DIFFICULTY
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TABLE 1

EXPERIMENTAL DESIGN FOR
NOISE PHASE

COMBINATION PLANT THREATS NOISE (dB) SUBJECT DAY 1 DAY 2

1 P2 0 A 1 1F 24R

2 - 4 90 2 17R 18F
3 P3 2 100 3 8F 7R
4 P2 0 90 4 4R 5F
5 P3 4 100 5 21F 20R
6 - 2 A 6 13R 14F

7 P2 4 90 7 3F 29-
8 P3 0 100 8 19R 20F
9 P2 2 90 9 11F 1OR

10 - 4 A

11 P3 2 90
12 P2 4 100

13 P3 0 90
14 P2 4 A
15 - 2 100 LEGEND:
16 P3 4 A aE

17 P2 2 100 "
18 P3 0 A a = COMBINATION
19 - 2 90 b = DIRECTION

20 P2 0 100 F = FORWARD

21 P3 2 A R = REVERSE S

22 - 4 100 A = AMBIENT
23 P2 2 A
24 P3 4 90

TABLE 2

EXPERIMENTAL DESIGN FOR
ACCELERATION PHASE

ACCELERATION "
GROUP COMBINATION PLANT THREATS (G's) SUBJECT DAY 1 DAY 2

P3 4 LOW 1 1-12F 2-8R
2 2 HIGH 2 2-11R 1-3F
3 P2 B SASELINE 3 1-9R 2-6F
4 P3 2 LOW 4 -3F 1.1IR
5 P2 4 HIGH 5 I-dF 2.38

3 ASELINE 6 2-IR 1I iF
Pl 4 HIGH 7 1.1i 2-7F

8 P2 0 LOW 8 2 10F 1 4R

9 PIi B dASELINE
T0 P2 HIGH
11 4 L OW
12 P2 ,3AtELINE
1 .4 BASELINE

P2 HIGHLE
3 P3 0 LOW LEGEND:
4 P2 4 BASELINE ab-t
5 FP3 I HIGH i - GHOUP

2b LOW b ,OMBINATION
7 P3 4 HASELINE , JIHECTION -

d P2 .1 LOW
9 - 4 HIUH F FORWARD

10 P3 0 BASELINE R REVERSE
1 i P2 4 1 (3W
12 P3 2 HIGH
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TABLE 3

SUBJECT G TOLERANCES-EXPERIMENT II

SUBJECT HIGH RELAXED LOWER
TOLERANCE EXPOSURE

(G's) (HIGH-1.OG's)

830010 3.0 2.0
850013 3.5 2.5
860005 3.5 2.5
850001 3.5 2.5
830013 4.0 3.0
860016 4.0 3.0
840003 4.0 3.0 .

860002 4.5 3.5 S

MEAN 3.75 2.75
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TABLE 4D. ANOVA TABLE, SWAT AND NOISE P

SOURCE OF SUM OF SQUARES ERROR TERM F-VALUE P-VALUE
SUBJECT 8 10811 ERROR 12.06 .0001
TASK 7 23472 SUBJECT*TASK 26.66 .0001
NOISE 2 8530 SUBJECT*NOISE 17.15 .0001
SUBJECT*TASK 56 7044 ERROR 1.12 .2998
SUBJECT*NOISE 16 3980 ERROR 2.22 .0081
TASK*NOISE 14 1522 ERROR 0.97 .4887
ERROR 112 12555
TOTAL 215 67913

(I) MAIN EFFECTS FOR TASK (LSD 6.1) (i) MAIN EFFECTS FOR NOISE (LSD 5.6)

TASK MEAN NOl.- MEAN

0-2 9.51 A 16.6
0-4 14.7'1 90 23.8•/s-o 16.01 100 32.0

1/S2-0 21.31 I
iS-2 25.0I
1/S-4 29.411
I/S2-2 33.5
I/S2-4 43.6

(III)COMPARISON OF PLANT MEANS (LSD 4.3) (IV)COMPARISUN OF TARGETS MEANS (LSD 4.3)

PLANT MEAN 1AkGETS MEAN

0 12.1 0 18.7
I/S 27.2 11 29.2
1/$2 38.5 4 36.5

TABLE 4E. ANOVA TABLE. SWAT AND ACCELErATION

SOURCE OF SUM OF SQUARES ERROk TERM F-VALUE P-VALUE

SUBJECT 7 11521 ERROR 11.97 .0001
TASK 7 24060 SUBJECT*TASK 11.86 .0001
ACC 2 24207 SUBJECT-ACC 40.32 0001
SUBJECT*TASK 49 14201 ERROR 2.11 .0009
SUBJECT*ACC 14 4203 ERROR 2.18 .0135
TASK*ACC 14 2082 ERROR 1.08 .3836
ERROR 98 13475
TOTAL 191 93749

(1) MAIN EFFECTS FOR TASK (LSD - 9.9) (!1) MAIN EFFECTS FOR ACC (LSD 6.6)

TASK MEAN ACC ML IN

0-2 8.7 BASE 12.5
0-4 9.61 LOW 19.3
I/S-O 15.4 I NIGH 39.0
I/5-4 4.6
I1S-? 25.0
1/S2-0 26.91
1/S2-2 36.81
1/S2-4 41.7I

(l1) COMPARISON OF PLANT MEANS (LSO CM.U)(IV) UMPARISON OF TARGEIS MEANS (LSD = 7.0)

PLANT MEAN TAR6ETS MEAN

0 9.1 0 ?1.1
IfS 24.8 30.91
I/S2 39.2 4 33.21
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TABLE 5A. ANOVA TABLE. PRIMARY TRACKING TASK ERROR SCORE AND NOISE

SOURCE OF SUM OF SQUARES ERROR TERM F-VALUE P-VALUE

SUBJECT 8 1132 ERROR 16.10 .0001
TASK 5 4421 SUBJECT"TASK 19.63 .0001
NOISE 2 6 SUBJECT*NO1SE 0.45 .6434 ld
SUBJECT*TASK 40 1802 ERROR 5.12 .0001
SUBJECT*NOISE 16 103 ERROR 0.73 .7544
TASK*NOISE 10 308 ERROR 3.50 .0007
ERROR 79 694
TOTAL 160 8404

(1) MAIN EFFECTS FOR TASK (LSD 3,7) (IT) MAIN EFFECTS FOR NOISE ('D5= 1.0)

TASK MEAN NOISE MEAN

1/-O 1 1.61 90 17.31
1/S-2 12.4 100 17.5
I/S-4 11.2 A 17.8I/S2-O 21.11I
1/52-2 22.2
/S2-4 24.6

(1I1) COMPARISON OF PLANT MEANS L'0 2Cli (IV) COMPARISON OF TARGETS MEANS(LSD

PLANT MEAN TARtETS MEAN

I/S 12.4 0 16.4I/S2 2.b 1'7.3J

4

TAbLL ,8. ANUVA TAbiLE, Pi-i.mMY TRAI.,iNu TASK ERkOR SCUIR ANU ALLELERATIui

SOURCE OF ur SQUAi~i ERROR TERM I-VALUE i'- VALoi

SUBJECT 7 1u:7 ERROR /.41 u
TASK 5 66.86 SuBJECT*TASK 17.23 1
ACC 2 214 SUBJECT*ACC j.48 .u175
SUBJECT*TASK 35 2/97 ERROR 1.50 .0U-06
SUBJECT*ACC 14 273 ERROR U.61 .8473
TASK*ACC 10 32t ERROR I.UL .4340
ERROR 70 123t
TOTAL 143 143119

(1) MAIN EFFECTS FOR TASK (L3Lb - .2) 1} NAIN EFFECTS FOR ACC (LSD 1.9)

TASK MEAlh ACC MEAN"

1/S-0 12.1 BASE 9.k
I/S-2 14.9 LOW 1.0
I1S-4 15.0 HIGH 28
I/52-0 27.0"
I/S24 27.6
1/$2-4 ?9.5

(III) COMPARISON OF PLANT MLAt,(L.I. 3.U) (IV) COMPARISON OF TARkUTS MEAN'(L'O

PLANT MEAN TAkOEITS MEAN

I/S 14.3 U Uo.i,
I/S2 28.0 2 21.2.

4
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TABLE 6A. ANOVA TABLE, SECONDARY TASK PERFORMANCE AND NOISE

SOURCE OF SUM OF SQUARES ERROR TERM F-VALUE P-VALUE

SUBJECT 8 4625 ERROR 14.23 .0001
TASK 5 1395 SUBJECT*TASK 2.79 .0296
NOISE 2 62 SUBJECT*NOISE 0.93 .4139
SUBJECT*TASK 40 3998 ERROR 2.46 .0003
SUBJECTiNOISE 16 534 ERROR 0.82 .6578
TASK*NOISE 10 525 ERROR 1.29 .2486
ERROR 80 3249
TOTAL 161 14388

(I) MAIN EFFECTS FOR TASK (LSD 5.5) (II) MAIN EFFECTS FOR NOISE (LSO 2.4)

TASK MEAN (%) NOISE MEAN (%)

I/S2-4 84.311 100 8 Z
1/-4 86.9 A 88.'

0-4 87.3 90 89.61
1/52-2 89.2
11S-2 91.9
0-2 92.7

(11) COMPARISON OF PLANT MEANS(LD 3.9) (IV) COMPARISON OF TARGETS MEANS(LSD = 3.2'

PLANT MEAN ('' TARGETS MEAN ('7

I/$2 86.71 4 6.2
I/S 89.4 91.3
0 90.')

TABLE 6B. ANOVA IABLI, SLLONCARY TASK PLRFORMANCE AND ACCELEFkJiON

SOURCE OF SUM OF SQuARES EkROR TERM F-VALUE P-VALUE

SUBJECT 7 t(b ERkOR 1.91 .0811
TASK 5 823 SUBJECT*TASK 1.1b .3489
ACC 2 2u3 SUBJECT*ACC 1.56 .2446

SUBJECT*TASK 35 49/4 ERROR 2.77 .0002
SUBJECTACC 14 1179 ERROR 1.64 .0894
TASK*ACC 10 b1I ERROR 1.19 .311E
ERROR 69 3bLi
TOTAL 142 I.

(1) MAIN EFFECTS FOR TASK (LSD 7.0) (IW) MAIN EFFECTS FOP ACC (LSD z 4.0)

TASK MEAN) ) ACC MEAN () ..

I/$2-4 88.5 HIGH 91.1I
0-4 92.1 BASE 93.9
1/S2-2 93.4 LOW 94.1 1
I/S-4 93.5
I/S-2 93.8

0-2 96.8

(IlI) COMPARISON OF PLAN[ MEMN(LbU 4.9) (Iv) COMPARISuN OF TAKGETS MItANS(LSU - 4.u)

PLANT MEAN . ) TARGETS MEAII ( )

l/S2 91.0 4 91.4
I/S 93.7 94.6
0 94.4
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TABLE 7A. ANOVA TABLE. SECONDARY TASK REACTION TIME AND NOISE

SOURCE OF SUM OF SQUARES ERROR TERM F-VALUE P-VALUE

SUBJECT 8 .1356 ERROR 34.81 .0001

TASK 5 .0327 SUBJECT*TASK 6.09 .0003

NOISE 2 .0058 SUBJECT*NOISE 5.14 .0189

SUBJECT*TASK 40 .0430 ERROR 2.21 .0013

SUBJECT"NOISE 16 .0089 ERROR 1.15 .3274

TASK"NOISE 10 .0049 ERROR 1.01 .4448

ERROR 80 .0390
TOTAL 161 .2699

(1) MAIN EFFECTS FOR TASK (LSD - .018) (11) MAIN EFFECTS FOR NOISE (LSD - .010)

TASK MEAN (SECONDS) NOISE MEAN (SECONDS)

0-2 .6741 100 .6941

1/S-2 .68911 90 .6951
I/S2-2 .69911 A .707

0-4 .70111
1/S-4 .713
1/$2-4 .7151

(Il1) COMPARISON OF PLANT MEANS(LSD - .013)(IV) COMPARISON OF TARGETS MEANS(LSD = .010)

PLANT MEAN (SECONDS) TARGETS MEAN (SECONDS)

0 .687 2 .687

I/S .7011 4 .710

1/S2 .7071

TABLE 7B. ANOVA TABLE, SECONDARY TASK REACTION rIME ANO.ACCELERATION

SOURCE OF SUM OF SQUARES ERROR TERM F-VALUE P-VALUE

SUBJECT 7 .131 ERROR 11.31 .0001

TASK 5 .087 SUBJECT*TASK 7.70 .0001

ACC 2 .002 SUBJECT*ACC 1.29 .3056

SUBJECT*TASK 35 .079 ERROR 1.37 .1323

SUBJECT*ACC 14 .012 ERROR 0.J3 .9046

TASK*ACC 10 .006 ERROR 0.37 .9541

ERROR 70 .116
TOTAL 143 .433

(1) MAIN EFFECTS FOR TASK (LSD -. '2t) (IT) MAIN EFFECTS FOR ACC (LSC = .013)

TASK MEAN (SECONDS) ACC MEAN (SECONDS)

0-2 .624 LOW .663 I
1/S-2 .652 BASE .670 I
0-4 .672ll. IGH .672
I/S2-2 .6731
1/S-4 .688 II"4

1/S2-4 .700

(1i1) COMPARISON OF PLANT MEANS(LSD .020) (IV) COMPARISON OF TARGETS MEANS LSD .016)

PLANT MEAN (SECCNOS) TARGETS MEAN (SECONDS)

0 .648 2 .650

1I/S .6701 4 .687

1/52 .6871I
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TABLE 8A. ANOVA TABLE, NAN-MACHINE RESPONSE TIME AND NOISE

SOURCE OF SUM OF SQUARES ERROR TERM F-VALUE P-VALUE

SUBJECT 8 .6771 ERROR 10.21 .0001
TASK 5 .9260 SUBJECT*TASK 8.01 .0001
NOISE 2 .0294 SUBJECT*NOISE 2.83 .0888
SUBJECT*TASK 40 .9247 ERROR 2.79 .0001
SUBJECT*NOISE 16 .0831 ERROR 0.63 .8530
TASK*NOISE 10 .1779 ERROR 2.15 .0299
ERROR 80 .6630
TOTAL 161 3.4811

(1) MAIN EFFECTS FOR TASK (LSD - .084) (II) MAIN EFFECTS FOR NOISE (LSD = .029)

TASK MEAN (SECONDS) NOISE MEAN (SECONDS)

1/S-2 .752I 100 .8121
1/S-4 .753 A .84011
4/5-0 .7a6l 90 .842 I
I/S2-O 8841
1/S2-2 .913
1/S2-4 .9221

(I1) COMPARISON OF PLANT MEANS(LSD .048) (IV) COMPARISON OF TARGETS MEANS(LSD .059)

PLANT MEAN (SECONDS) TARGETS MEAN (SECONDS)

1/5 .757 0 .825l
1/s2 .906 2 .832I

4 .8381

TABLE 88. ANOVA TABLE, MAN-MACHINE RESPONSE TINE AND ACCELERATION

SOURCE OF SUM OF SQUARES ERROR TERN F-VALUE P-VALUE

SUBJECT 6 .420 ERROR 7.30 .0001
TASK 5 1.819 SUBJECT*TASK 31.42 .0001
ACC 2 .080 SUBJECT*ACC 4.22 .0410
SUBJECT*TASK 30 .347 ERROR 1.21 .2645
SUBJECT'ACC 12 .114 ERROR 0.99 .4715
TASK*ACC 10 .042 ERROR 0.44 .9219
ERROR 60 .576
TOTAL 125 3.398

(I) MAIN EFFECTS FOR TASK (LSD .068) (1I) MAIN EFFECTS FOR ACC (LSD - .046)

TASK MEAN (SECONDS) ACC MEAN (SECONDS)

iIS-1 .694 1  LOW .7841
I/S-4 .695j HIGH .82811
1/S-O .7071 BASE .844
1/S2-2" .926I
I/S2-O .9381
1/S2-4 .9511

(11) COMPARISON OF PLANT MEANS(LSD .039) (IV) COMPARISON OF TARGETS MEANS(LSD .048)

PLANT MEAN (SECONDS) TARGETS MEAN (SECONDS)

1/S .699 2 .810
I/S2 .938 0 .823l

4 .8231
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TABLE 9A. ANOVA TABLE. HEART RATE AND NOISE

SOURCE OF SUM OF SQUARES ERROR TERM F-VALUE P-VALUE

SUBJECT 6 18395 ERROR 514.50 .0001
TASK 7 142 SUBJECT*TASK 2.15 .0586
NOISE 2' SIJBJFCT*NOISE 1.68 .2269
SUBJECT*TASK 42 396 ERROR I.t8 .G:97
SUBJECT"NOISE 12 97 ERROR 1.36 .2029
TASK*NOISE 14 122 ERROR 1.46 .!440
ERROR 80 477
TOTAL 163 19654

(1) MAIN EFFECTS FOR TASK (LSD 1.9) (1I) MAIN EFFECTS FOR NOISE (LSD = 1.2)

TASK MEAN (BPM) NOISE MEAN (BPM)

0-2 72.3 A 73.7
0-4 73.4 100 73.9 I
1/S-O 73.5 90 74.7
1/S2-4 74.0
I/S2-2 74.5
I/S2-0 74.8

I/S-2 74.8
I/S-4 75.4

(Ill) COMPARISON OF PLANT MEANS (LSD 1.4)(IV) COMPARISON OF TARGETS MEANS (LSD 1.4)

PLANT MEAN (BPM} TARGETS MEAN (BPM)

0 72.91 0 74.11

1/52 74.21 2 74.6
I/S 75.1 I 4 74.7i

I

TABLE 9B. ANOVA TABLE, HEART RATE AND ACCELERATION

SOURCE OF SUM OF SIUARES ERROR TERN F-VALUE P-VALUE

SUBJECT 7 20082 ERROR 79.71 .uOl
TASK 7 905 SUBJECT*TASK 2.27 .0443
ACC 2 22161 SUBJECT*ACC 34.30 .0001
SUBJECT*TASK 49 2797 ERROR 1.59 .0271
SUBJECT*ACC 14 4523 ERROR 8.99 .0001
TASK*ACC 14 1511 ERROR 3.00 .0007
ERROR 98 3527
TOTAL 191 55505

(1) MAIN EFFECTS FOR TASK (LSD 4.4) (11) MAIN EFFECTS FOR ACC (LSD - 6.8)

TASK MEAN (BPM) ACC MEAN (BPM)

1/S-0 87.71J BASE 79.0
0-2. 88.5 LOW 89.8
0-4 89.8 HIGH 105
I/S-2 92.4
1/S2-O 92.5
I/S-4 93.0
11S2-2 93.3
I/S2-4 93.6

(11) COMPARISON OF PLANT MEANS(LSO - 3.1) (IV) COMPARISON OF TARGETS MEANS(LSD 3.1)

PLANT MEAN (BPM) TARGETS MEAN (BPM,

0 89.1 0 90.11
1/S 92.71I 2 92.91
I/S2 93.5 4 93.3 r
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TABLE IDA. ANOVA TABLE, TOTAL EYE BLINKS AND NOISE

SOURCE OF SUM OF QUARES ERROR TERM F-VALUE P-VALUE

SUBJECT 7 5462 ERROR 61.84 .0001
TASK 7 4121 SUBJECT"TASK 17.26 .0001
ACC 2 12 SUBJECT"NOISE 0.69 .5164
SUBJECT'TASK 49 101 ERROR 2.70 .0001
SUBJECT1NOISE 14 118 ERROR 0.67 .7986
TASK*NOISE 14 141 ERROR 0.80 .6664
ERROR 97 1224
TOTAL 190 12811

(I) MAIN EFFECTS FOR TASK (LSD 3.4) (11) MAIN EFFECTS FOR NOISE (LSD = 1.1)

TASK MEAN (Blinks/Exposures) NOISE MEAN (Blinks/Exposures)

1/52-0 .9 90 9.71

1/S.O 7.0 A 10.1
l/S-2 7.4 I00 10.3 •
1/52-4 7.7
1/S-4 7.7
l/S?-2 7.8
0-4 17.0
0-2 19.1

(11) COMPARISON OF PLANT MEANI.(LSD 2.4) (IV) COMPARISON OF TARGETS MEANS(LSD =2.4)

PLANT MEAN (hik-,/Expuure) TARGETS MEAN (Blinks/Exposuru)

I/S 7.61 0 6.91

1/S2 7.7 2 7.6
0 18.0 4 7.7

TABLE l)b. ANOVA TAIBLE. TOTAL EYE bLINKS AND ACCELERATION

SOURCE OF "UM Ok SQUAkL ERROR TERM F-VALUE P-VALUE

SUBJECT 6 164 8 ERROR 101.98 .0001
TASK 7 3921 SUBJECT*TASK 9.95 .0001
ACC 2 1920 SUBJECT*ACC 5.67 .0184
SUBJECTITASK 42 2363 ERROR 2.09 .0021
SUBJECT*ACC 12 2031 ERROR 6.29 .0001
TASK'ACC 14 396 ERROR 1.05 .4131
ERROR 84 26,'
TOTAL 167 29351

(I) MAIN EFFECTS cOP TASK (LSD 4.7) (I) MAIN EFFECTS FOR ACC (LSD = 5.4)

TASK MEAN (Blinks/Exposure ) ACC MEAN (Blinks/Lxposure) s
1/S2-U 12.11 BASE 12.91
1/S-4 13.2 LOW 14.9,
1/52-2 13.2 HIGH 20.8
1/S-2 13.3,
1/S-O 13.5 "
1/S2-4 15.2 I- 2 2 .kIj 

;0-4 24.9|, -

(111) COMPARI UN OF PLANT MEANS(LSO 3.3) (IV) COMPARISON OF TARGETS MEANS(LSD 3.3"

PLANT MEAN (Blinks/Exposures) TARGETS MEAN (Blinks/Exposure)

1/S 13.31 012.81 -

l/S2 14.21 2 13.31 p
0 24.5 4 14.2-
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IABLE 11A. ANOVA TABLL, BLINK DURATION AND NOISE

SOURCE DF SUM OF SQUARES ERROR TERM F-VALUE P-VALUE

SUBJECT 5 21324 ERROR 8.53 .0001
TASK 7 4684 SUBJECT'TASK 1.71 .1387

NOISE 2 1433 SUBJECT*NOISE 1.12 .3649
SUSJECT*TASK 35 13694 ERROR 0.78 .7841
SUBJECT*NOISE 10 6415 ERROR 1.28 .2582
TASK'ACC 14 4810 ERROR 0.69 .7791
ERROR 67 33514
TOTAL 140 86192

(I) MAIN EFFECTS FOR TASK (LSD - 13) (I) MAIN EFFECTS FOR NOISE (LSD 12)

TASK MEAN (Milliseconds) NOISE MEAN (Milliseconds)

1/S-2 128 100 129I
1/S2-4 129 90 134
1/S2-O 129 A 137
1/S-0 131
1/5-4 131
1/S2-2 13 I
0-4 141
0-2 145

(11) COMPARISON OF PLANT MEANS(LSO 10) (IV) COMPARISON OF TARGETS MEANS(LSD - 10)

PLANT MEAN (Milliseconds) TARGETS MEAN (Milliseconds)

1/s 1291 U 130
I/S2 132 4 130
0 143 2 131

.54

TABLE IIB. ANUVA TAbLE, BLINK JUUPATION AND ACCELERATION

SOURCE OF SUM OF SOUARES ERROR TERM F-VALUE P-VALUE

SUBJECT 5 22425 ERROR 14.68 .0001
TASK 7 7491 SUBJECT*TASK 3.17 .0105

ACC 2 9614 SUBJECT*ACC 12.92 .0017
SUBJECT'TASK 35 11811 ERROR 1.10 .3586
SUBJECT*ACC 10 3720 ERROR 1.22 .2974
TASK*ACC 14 9132 ERROR 2.14 .0212
ERROR 63 19245
TOTAL 136 83326

(1) MAIN EFFECTS FOR TASK (LSO 12) (11[ MAIN EFFECTS FOR ACC (LSD a 9)

TASK MEAN (Milliseccids) ACC MEAN (Mllliseconds)

I/2-2 109 HIGH 1161
/S-4 11 LOW 117(
1/S2-4 121 BASE 134
I/S-O 126
1/S2-2 127]
0-2 1281
1/S-2 129
0-4 1301

(1II) COMPARISON OF PLANT MEANS(LSD 9) (IV) COMPARISON OF TARGETS MEANS(LSD - 9) %

PLANT MEAN (Mill1seLknds) TAkLETS MEAN (Milliseconds)

1/S 1201 4 1151
1/$2 12411 0 1181
0 1291 2 128
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TABLE 12A. ANOVA TABLL, P300 LATENCY AND NOISE

SOURCE OF "UM Of SQUARES ERROR TEFM F-VALUE P-VALUE

SUBJECT 4 205231 ERROR 23.65 .0001
TASK 7 4,1284 SUBJECT'TASK 1.06 .4140
NOISE 2 4363 SUBJECT*NOISE 0.44 .6558
SUBJECT*TASK 28 Ic.3316 ERROR 2.69 .0008
SUBJECTINOISE 8 J9220 ERROR 2.26 .0361
TASK*NOISE 14 41724 ERROR 1.37 .1969
ERROR 56 121499
TOTAL 119 61t;638

(I) MAIN EFFECTS FOR TASK (LSD (11 MAIN EFFECTS FOR NOISE (LSD 36)

TASK MEAN (Milliseconds) NOISE MEAN (Millis conds)

I/S-O 449 ;uu 4701

1/S2-O 452 90 479
0-2 467 A 485
0-4 478
)/S-4 485
1/S2-4 489
1/S-2 497
152-2 506

(11) COMPARISON OF PLANT MEAN"(L., 4U (!V) COMPARISON OF TARGETS MEANS(LSD 40;

PLANT MEAN (Milliseconds) TAPGETS MEAN (Milliseconds)

0 4131 0 451
/S 491 4 487
1/S2 497 2 501 I- I

TABLE 12b. ANOvA TAOLE. P3U LATENCY ANO ACCELERATION

SOURCE OF :UM ut SQUARL, ERROR TERM f-VALUE P-VALUE

SUBJECT 7 7Zo(W ERROR 1.15 .0001
TASK 7 104944 SUBJECT*TASK 1.27 .2846
ACC 2 6165 SUBJECT'ACC 1.27 .3102

SUBJECT*TASK 49 578403 ERROR 5.82 .0001
SUBJECT*ACC 14 33)ii6 ERROR 1.19 .2934
TASK*ACC 14 26666 ERROR 0.94 .5203
ERROR 94 90;36
TOTAL 187 10,6373

(I) MAIN EFFECTS FOR TASK (LSO t,3) (1I1 MAIN EFFECTS FOR ACC (LSD 19)

TASK MEAN (Millist-conds) ACC MEAN (Milliseconds) t
1/S-U 417 f~A. 460
1/52-U 430 LOW 461
0-2 443 lituh 463 -
1/S2-0 463
U-4 465 ,
1/52-4 479
1/52-2 480

(I1) COMPARISON OF PLANT MEANS(LSL 45) (IV) COMPARISON OF TARGETS MEANS(LSD 456 %

PLANT MEAN (Millisecond) IAkl.,TS MEAN (Milliseconds)

4541 0 4391

I/S 49 455
I/S2 4801 4 483 I
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TABLE IJA. ANU A IAULL, PJUU AMPLITUUE ANO NUISE

SOURCE OF SUM UP 5iuAk[,. ERROR TERM f-VALUE P-VALUE

SUBJECT 4 7:1 i LIROR 7.43 .0001
TASK 1 gmi SUBJECT*TASK 2.96 .0187
NOISE 2 49 SUBJECT*NOISE 0.61 .5675
SUBJECT'TASK 2 1226 ERROR 1.80 .0303
SUBJECT'NOISE 8 Ij ERROR 1.66 .1276
TASK*NOISE 14 534 ERROR 1.57 .1169
ERROR 56 13>lu
TOTAL 119 51 ?0

(I) MAIN EFFECTS FOR TASK (LSD 4.9) (11) MAIN EFFECTS FOR NOISE (LSD 3.3)

TASK MEAN (Microvolts) NUISE MEAN (Microvolts)

1/s2-o 7.21 uu 12.11
0-4 11.4 U 12.8
I/S-4 11.9 A 13.71
11S-2 12.6
1/S-O 12.7
0-2 15.5
I/S2-2 15.7
I/S2-4 16.1 a

(11) COMPARISON OF PLANT MEANS(ISO ".5) (IV) COMPARISON OF TARGETS MEANS(ISO 3.5)

PLANT MEAN (Microvults) P6ET MEAN (Microvoit,.

I/S 12.31 u 9.9
0 13.41 4 14.01
•/S2 15.9 2 14.21

TABLE 13B. ANOVA TAaLE, P300 AMPLITUDE ArD ACCLLERATION

SOURCE DF SUM OF SQUARES ERROR TERM F-VALUE D-VALUE

SUBJECT 7 1623 ERROR 3.219 .0036
TASK 7 1465 SUBJECT*TASK 1.21 .3165
ACC 2 53 SuBJECT*ACC 0.34 .7173
SUBJECT*TASK 49 P489 ERROR 2.46 .0001
SUBJECT*ACC 14 1082 ERROR 1.10 .3708
TASK*ACC 14 1195 ERROR 1.31 .2150
ERROR 92 6480
TOTAL 185 20855

(1) MAIN EFFECTS FOR TASK (LSO 7.6) (II) MAIN EFFECTS FOR ACC (LSD 3.3)

TASK MEAN (Microvolts) ACC MEAN (Microvolts) 4.

1/S-O 10.8 BASE 14.01 |

1/S-2 11.2 LOW 14.81
1/52-0 12.1 HIGH 15.31
0-2 14.9
I/S2-2 15.Oll
1/S-4 16.7
1/$2-4 lb.2
0-4 18.6

(11) COMPARISON OF PLANT MEANS(LSD 5.4 (IV) COMPARILUN OF TARGETS MEANS(LD 5.4,

PLANT MEAN (Microvolts) TARGETS MEAN (Microvoltsj

1/5 1 3.91 01.51

0 16.8I 4 17.4
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TABLE 14A. ANOVA TABLE, 1MG STANAO DEVIATION (STO) AND NOISE

SOURCE DF SUM OF SQUARES ERROR TERM F-VALUE P-VALUE

SUBJECT 5 260uuO ERROR 45.52 .0001 ell
TASK 7 1U809 ,UBJECT'TASK 3.41 .0070
NOISE 2 103 SUBJECT*NOISE 0.54 .5965 1
SUBJECT*TASK 35 27614 ERROR 6.91 .0001
SUBJECT*NOISE 10 946 ERROR 0.83 .6017
TASK"NOISE 14 1538 ERROR 0.96 .5006
ERROR 68 /6b
TOTAL 141 84'2u0

(1) M4AIN EFFECTS FOR TASK (LSD 15.0) (11) MAIN EFFECTS FOR NOISE (LSD 4.4)

TASK MEAN (Millivolts) NOI E MEAN (Millivolts)

1/S-O 42.9 9u 57.21

0-2 43.9 A 57.7 I
./S2-O 48.4 iUU 59.21
0-4 55.6
I/S-2 60.21
I/S-4 66.1
I/S2-2 73.1
1/52-4 74.0

(11) COMPARISON OF PLANT MEAN(LSD L .4) (iV) COMPARISON OF TARGFTS MEANS(LSD 13.4)

PLANT MEAN (Millivolts) T/.i.IETS MEAN (Millivolts)

0 49. I 0 45.6
1/S 63.11 2 66.7
I/S2 73.5 4 70.0

TABLE 14B. ANOVA TABLE, EMC ',TANUARD DEVIATION (ETD) AND ACCELERATION

SOURCE OF SUM OF SqUARES ERROR TERM F-VALUE P-VALUE

SUBJECT S 5786 ERROR 28.04 .OOU1

TASK 7 SUBJECTTASK 4.21 .0018

ACC 2 144 SUBJECT*ACC 4.29 .0452

SUBJECT*TASK 3h 2832 ERROR 1.96 .0084

SUBJECT*ACC 10 101 ERROR U.41 .9396

TASK*ACC 14 S77 ERROR 1.00 .4647

ERROR 70 "dt:
TOTAL 142 14180

(I) MAIN EFFECTS FOR TASK (LSO t.ti) (11 MAIN EFFECTS FOR ACE (LSD 1.9)

TASK MEAN (Miliolts) ACC MEA1N (Millivolts)

0-2 14.8 A E 19.01
1/S2-O 17.0 Lu 19.3 I
0-4 17.0 HIli ?1.3
1/S-O 17.1
I/S-2 19.3
I/S-4 21.21
I/S2-4 26.2 I
IIS2-2 26.3 -

(1I1) COMPARISON OF PLANT MEANS(LbD 4.2) (IV) COMPARISON OF TARGETS MEANS(LSD 4.3)

PLANT MEAN (Millivoits) IAI(GETS MEAN (Millivolts)

0 15.9 0 17.0 %
1/S 20.2 .1
/S2 26.2 4 23.7
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TABLE 15. ArOVA TABLE, HEAN ARTERIAL BLUUO PRESSURE AND NOISE

SOURCE OF SUM OF SQUARES ERROR TEM F-VALUE P-VALUE

SUBJECT 8 lug71 ERROR 87.15 .0001

TASK 7 19t SUBJECT'TASK 1.86 .0944

NOISE 2 Sz SUBJECT'NOISE 2.46 .1172
SUBJECT*TASK 56. d46 ERROR 0.96 .5596

SUBJECT*NOISE 16 299 ERROR 1.19 .2876

TASK*NOISE 14 176 ERROR 0.80 .6680

ERROR 112 1762
TOTAL 215 14343

(1) MAIN EFFECTS FOR TASK (LSD 2.1) (11) MAIN EFFECTS FOR NOISE (LSD 1.5)

TASK MEAN (n Hg) NOISE MEAN (mn 19)

0-2 93.2 A 94.01
0-4 93.9 IOu 95.1 I
1/S-2 94.2 90 95.5
1/S20 94.7
1/S2 -4 95.4
1/S -O 95.5
I/S.4 95.9
I1S2-2 96.0

(1i1) CG,'PARISON OF PLANT MEANS(LSD 1.5) (IV) COMPARISON OF TARGEIS MEAflS(LSD - 1.5) I

PLANT MEAN (aui 1(j) TARGETS MEAN (,n Hg)

0 93.6 0 95.1 I
I/S 95. l 2 95.1
I/S2 95.7 4 95.7 

TABLE 16. ANOVA TABLE, PERCENT ARTERIAL OXYGEN SATURATION AND ACCELERATION

SOURCE OF SUM OF SQUARES ERROR TERM F-VALUE P-VALUE

SUBJECT 3 517 ERROR 16.91 .0001

TASK 7 24 SUBJECT*TASK 0.31 .9390

ACC 2 7 SUBJECT*ACC 0.65 .5571

SUBJECT*TASK 21 230 ERROR 1.08 .4067

SUBJECT*ACC 6 33 ERROR 0.54 .7724

TASK*ACC 14 63 ERROR 0.44 .9518

ERROR 42 428
TOTAL 95 1302

(1) MAIN EFFECTS FOR TASK (LSD 2.8) (I) MAIN EFFECTS FOR ACC (LSD 1.4)

TASK MEAN ( ) ACC MEAN (%)

0-4 93.3 HIGH 94.31
I/S2-0 94.4 BASE 94. 5
0-2 94.5 LOW 94.91
1/S-O 94.6 Jl
I/S-4 94.7
1/5-2 94.8
I/S2-4 94.9 - _
1/S2-2 95.1

(11) COMPARISON OF PLANT MEANS(LSD 2.0) (IV) COMPARISON OF TARGETS MEANS(LSU 2.0) ,5

PLANT MEAN (%) TARGETS MEAN (%)

o 93.91 0 94.51

I/S 94.8 4 
94 .8"

IIS2 95.0 2 95.0
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TABLE 17. ANOVA TABLE. PERCENT TEMPORAL ARTERY FLOW VELOCITY AND ACCELERATION SW,

SOURCE DF SUM OF SQUARES ERROR TERM F-VALUE P-VALUE

SUBJECT 6 2436 ERROR 3.70 .0048
TASK 7 1262 SUBJECT*TASK 1.22 .3135
ACC 1 6285 SUBJECT*ACC 20.64 .0039
SUBJECT*TASK 42 6205 ERROR 1.35 .1694
SUBJECT*ACC 6 1827 ERROR 2.78 .0230
TASK*ACC 7 871 ERROR 1.13 .3603
ERROR 42 4608
TOTAL ill 23494

(I) MAIN EFFECTS FOR TASK (LSO g.3) (I1) MAIN EFFECTS FOR ACC (LSO 8.1)

TASK MEAN (%) ACC MEAN (%)

1/S-4 16.1 HIGH 15.0
1/S-O 19.2 LOW 29.9
0-4 22.0
1152-0 22.6
152-2 23.0
0-2 23.4
1/S-2 25.6
1/S2-4 27.7

(11) COMPARISON OF PLANT MEANS(LSD 6.6) (IV) COMPARISON OF TARGETS MEANS(LSD = 6.6)

PLANT MEAN (%) TARGETS MEAN ('i) ,S

1/S 20.8 0 20.91

0 22.7 4 21.9
1/52 25.4 2 24.3
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